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ABSTRACT OF DISSERTATION
MANIPULATING SPECIES DIVERSITY: ENVIRONMENTAL IMPACTS IN ROW
CROP, LIVESTOCK, AND GRASSLAND AGROECOSYSTEMS
The diversity of living species in an agroecosystem affects both natural resources
and agricultural production efficiency. The rise of managed plant monocultures has
allowed agricultural yields to increase over time. However, simplifying agroecosystems
affects the capacity of the system to sustainably provide clean air, water, and productive
soils essential for continued food and fiber production. This dissertation manipulates
species diversity in row crop and forage agroecosystems prevalent in the Eastern United
States and tracks the associated environmental and agricultural production consequences.
In row crop agroecosystems, increasing plant diversity with winter cover crops
has been suggested as a strategy to increase cash crop yields and enhance ecosystem
processes such as soil carbon storage and crop weed suppression. I planted winter cover
crop mixes in a maize-soybean rotation from 2016-2018 to assess soil and yield
responses and found that the primary benefits of winter cover crop mixes included
reduced soil erosion and decreased production costs. However, these benefits were only
present in cover-cropped scenarios when they were coupled with conversion from
conventional to no-tillage production, indicating that adoption of cover crops in
conventional tillage regimes incurred greater costs without fully mitigating soil erosion
concerns.
In a livestock feeding experiment, I conducted laboratory incubations with soils
amended with urine from lambs fed biochanin A (BCA), a natural product derived from
the forage legume red clover, a component of diverse pasture grazing systems. Biochanin
A has been shown to improve cattle protein digestion and weight gain performance;
however, effects of BCA or BCA breakdown products deposited on pastures in livestock
waste remains unknown. Trace gas emissions from lamb urine-amended soils decreased
with the addition of BCA compared to urine from animals fed no BCA, though urinary N
excretion and soil microbial communities were unaffected, showing that BCA may
mediate soil enzyme relationships or microbial activities that govern trace gas emissions
from urine excreta patches.
Finally, I assessed the ecosystem effects of increasing overall stand symbiotic
diversity at the plant-microbe level using tall fescue cultivars and their uniquely
associated fungal endosymbionts. Greater cumulative levels of carbon dioxide were
emitted over the growing season in the most diverse (three cultivars and three
endophytes) compared to the least diverse (one cultivar and no endophyte) treatment.
Symbiotic diversity level did not affect fescue biomass production, soil carbon levels, or
soil microbial communities after five years of consistent management. However, greater
symbiotic diversity was correlated with decreased plant species diversity and richness
within stands, showing that greater symbiotic diversity improved fescue's competitive
ability and restricted niche space for weedy plant species encroachment.
Taken together, these results show that increasing species diversity can be a
useful strategy to improve sustainability, though benefits and tradeoffs depended on the
unique characteristics and constraints within each agroecosystem. Manipulating species

diversity improved economic and soil conservation in row crop systems, reduced trace
gas emissions in livestock pasture systems, and supported forage stand persistence.
Manipulating species diversity has potential wide-ranging impacts that may be further
harnessed by producers and land managers to improve agroecosystem production
efficiency, while minimizing adverse environmental consequences associated with the
expanded food production systems necessary to sustain human populations in the future.
KEYWORDS: biodiversity, cover crops, red clover, biochanin A, forage production, tall
fescue
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CHAPTER 1. INTRODUCTION: THE ROLE OF BIODIVERSITY IN PROVIDING
AGROECOSYSTEM SERVICES
1.1

Challenges in agriculture
Developments in modern agriculture launched by the Green Revolution in the

1950s led to large increases in crop yields with corresponding decreases in crop system
diversity. Monoculture crops supplemented with irrigation, fertilizer, tillage, and
pesticides produced much greater yields but have contributed to negative environmental
impacts such as soil erosion and the decline of water and air quality (Matson et al., 1997;
Montgomery, 2007). Rates of crop yield increases have been slowing since the 1980s,
which may be partially attributed to declines in the overall quality of agroecosystems
(Pingali, 2012). As a result, there is interest in developing alternative agricultural
practices that support yield, reduce negative environmental impacts, and promote longterm resource sustainability in agricultural ecosystems (agroecosystems).
What new strategies are available to mitigate environmental concerns while
supporting greater yield increases? One approach is to apply ecological theories about
plant community dynamics to agroecosystems (Isbell et al., 2017; Kremen & Miles,
2012; Picasso et al., 2008). In the 1990s, ecologists developed a novel theory that linked
greater numbers of plant species in an area (diversity) to greater ecosystem productivity
and output of ecological services. Ecologists initially developed this theory, called the
biodiversity ecosystem-functioning framework, in artificially constructed grassland
ecosystems (Hector et al., 1999; Naeem et al., 1994; Schmid et al., 2008; Tilman &
Downing, 1994; Tilman et al., 1997). Since agroecosystems are also artificially
constructed systems, applying biodiversity ecosystem-functioning framework principles
1

may provide one management solution for improving agricultural productivity while
limiting negative environmental consequences.
Agroecosystems in the Eastern United States are diverse and offer opportunities
to investigate the utility of manipulating species diversity to support agricultural
production and mitigate various environmental resource concerns in row crop and forage
systems. Both row crop and forage system management systems have become less
diverse from a plant species standpoint for a variety of reasons. In maize and soybean
cash crops, management of herbicide resistant weeds such as Palmer amaranth
(Amaranthus palmeri S. Watson) (Varanasi et al., 2018) and marestail (Conyza
canadensis (L.) Cronq) (Sherman et al., 2020) include the application of soil-residual
herbicides with multiple modes of action and the renewed use of tillage as a weed control
method, both of which contribute to lack of volunteer plant cover during winter. Tillage
and pre-emergent herbicides contribute to the decline of overall plant species diversity as
non-problematic winter annuals, such as henbit (Lamium amplexicaule L.), mouse-eared
chickweed (Cerastium fontanum Baumg.), and others are tilled or sprayed out. Leaving
the soil bare over winter, when soil is vulnerable to erosion, also means that soil and
nutrients such as nitrogen may be more easily leached from the crop field into the water
table (Tonitto et al., 2006).
Additional economic pressures associated with row crop profitability have also
caused producers to grow the most profitable cash crops continuously, which further
limits overall plant diversity in production systems and can worsen crop pest and
pathogen issues.
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Winter cover crops, which provide vegetative cover when crops such as maize and
soybean are not grown, have grown in popularity for their use in addressing problematic
weeds, limiting off-site movement of sediment and nutrients, and increasing soil carbon
in some situations (Poeplau & Don, 2015). Further research is needed to identify
complementary relationships between cover crop plant species and cash crop species
diversity that benefit cash crop yield rotations (Jacobs et al., 2017), limit pest/pathogen
levels (North et al., 2018), and mitigate targeted resource concerns such as soil erosion
(Montgomery, 2007). In particular, agricultural producers require more information
regarding: 1) the costs for implementing complementary cover crop plant species into
their production rotations and 2) realistic expectations for improvement of targeted
resource concerns. Limited information is available for land managers about the
economic costs and associated resource benefits that cover crops may accrue in typical
cash crop systems, an important factor limiting further adoption of cover crops.
Perennial forage and hay systems in the Eastern US have become more productive
with the development and commercial release of higher-yielding cultivars. Managing hay
and grazing pastures for more uniform production using a limited number of species
became the generally-accepted method for maximizing forage production starting in the
1950s (Tracy et al., 2018). Regular nitrogen fertilization facilitated greater hay/grazing
harvest frequency, which ultimately led to reductions in plant diversity (Hopkins &
Wilkins, 2006). Currently, managed Eastern US pastures are dominated by highly
productive non-native herbaceous species that include the cool-season grasses tall fescue
(Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.) and Kentucky bluegrass (Poa
pratensis L.) , as well as warm-season grasses in the south (bermudagrass (Cynodon
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dactylon (L.) Pers.) and bahiagrass (Paspalum notatum Flueggé)). (Stuedemann &
Hoveland, 1988; Tracy et al., 2018). Forage production in this area fulfills a critical
economic role in supporting grazing animal production in the US, with the
commonwealth of Kentucky producing the greatest number of beef cattle east of the
Mississippi River (USDA-NASS, 2019).
Integrating greater plant species diversity in pastures dominated by non-native
forage species may benefit agricultural productivity and enhancement of ecosystem
services (Sanderson et al., 2007). For example, inter-seeding legumes into grassdominated pastures has long been shown to benefit forage and hay quality and
digestibility for ruminants. In addition, greater diversity in pasture communities may
promote ecosystem services that have important feedbacks to climate change, including
soil carbon sequestration (Conant et al., 2017), soil atmospheric methane absorption
(Hutsch, 2001), or greater overall environmental services (Hopkins & Wilkins, 2006).
Greater forage diversity could also provide additional resilience to predicted temperature
increases and changes in precipitation patterns (Burkett & Kusler, 2000) that could
adversely affect forage production. Innovative strategies for supporting forage and
livestock production while enhancing the variety and degree of ecosystem services that
forage and grazing lands supply will be necessary to address future challenges.
This dissertation explores strategies for integrating biodiversity-based
management options into row crop and forage agroecosystems of the Eastern United
States. First, I discuss the theoretical origins of the biodiversity ecosystem-framework to
provide a general foundation for their application to agroecosystems. Next, I highlight
opportunities to manipulate species diversity for the purpose of addressing specific
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production and environmental priorities in Eastern US row crop and forage systems.
Lastly, I conclude by posing specific questions that my research addresses regarding the
effects of manipulating biodiversity in these study systems.
1.2

The biodiversity-ecosystem functioning framework
Biological diversity is the number, classification, and distribution of living

organisms in an ecosystem. The ecosystem concept includes the interactions of living
organisms and the abiotic factors of their environments (Gliessman, 2007), and the
overall level of biodiversity at a site can be described in several spatial and temporal
ways and at different scales. Diversity levels can vary as broadly as the kingdoms of life
present (e.g., Plantae, Anamalia, Fungi, Bacteria, etc.) to differences in taxonomic plant
species to differences in plant functional groups (e.g., grass, legume, broadleaf). Biotic
diversity extends to the genetic backgrounds of different plant cultivars/varieties of the
same species, and even includes the highly-specific range of symbiotic interactions
between vastly different organisms (e.g., the rhizobia bacteria species that associates only
with roots from certain legume plants). Many aspects of diversity interact in an
ecosystem to affect overall productivity and ecological processes and services provided.
In the traditional paradigm, ecologists assumed that environmental conditions and
resource availability primarily controlled the resulting level of biotic diversity within
ecosystems (Naeem et al., 2009). A shift in this established paradigm occurred in the
field of ecology in the 1990s, when one group of ecologists hypothesized that changes in
biotic diversity could act as drivers of ecological processes by modifying abiotic factors
themselves (Hooper et al., 2005; Naeem et al., 2009). Early investigations into this
hypothesis showed that the number of individual plant species present in an ecosystem
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was correlated with net primary productivity (biomass from plant production) and
measures of ecological functioning (Kinzig et al., 2002). Initial studies evaluating the
new paradigm, called the biodiversity ecosystem-functioning framework, experimentally
manipulated the number of individual plant species in artificial chambers (Naeem et al.,
1994) and in constructed grasslands (Hector et al., 1999; Tilman, 1996; Tilman &
Downing, 1994; Tilman et al., 1997). These studies supported the assertions of the
biodiversity ecosystem functioning framework paradigm in that they recorded greater
amounts of plant biomass production where individual plant species diversity was
highest. Early investigators recognized that the quantity and quality of primary plant
productivity provides the basis for the storage, release, and cycling of carbon and
nutrients into the environment, and extrapolated the effects of diversity from biomass
production to other important ecological consequences such as soil microbial respiration
(Naeem et al., 1994) and soil nitrate levels (Tilman et al., 1997). New conclusions drawn
in these published studies mobilized the ecological community to an immediate debate
regarding their validity.
The interpretation that greater plant species diversity and greater biomass
production led to greater levels of ecosystem functioning met immediate opposition from
other ecologists (deLaplante & Picasso, 2011; Hooper et al., 2005; Naeem, 2002).
Criticisms of the new paradigm consisted of four major points. First, many ecologists
disagreed with the idea of the biodiversity ecosystem-functioning framework because it
implied that specialized ecosystems with low plant diversity, such as natural wetland
bogs, were not adequately functioning and were not providing sufficient ecosystem
services (Grime, 1997). Instead of the level of biodiversity controlling ecosystem
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processes, Grime (1997) asserted that ecological functioning depended on the
performance and functioning of dominant plant species present and overall site
conditions.
The second criticism of the biodiversity ecosystem-functioning framework
involved the inconsistency of diversity effects between observations made in
existing/naturally occurring vegetation communities and observations made in artificial
vegetation communities assembled as part of a manipulative experiment. The effects of
altering plant diversity were less pronounced when surveying existing plant communities
(Grace et al., 2007) compared to those that were experimentally established (Naeem et
al., 1994; Tilman & Downing, 1994). For example, results from the comparison of
different plant diversities in naturally occurring grassland communities showed that
greater plant biodiversity did not correlate with greater biomass (Grace et al., 2007).
Biodiversity effects appeared to be more apparent in “synthesized species assemblages”
than in sites without experimental species manipulation (Grace et al., 2007).
The third group of objections targeted the experimental designs used to
investigate the biodiversity ecosystem-functioning relationship, with some ecologists
arguing that artifacts of flawed experimental designs produced erroneous positive
relationships between greater species diversity and greater biomass production. Critics
explained that design flaws rendered the studies unable to directly compare the
productivity/ecosystem services of species mixtures to the corresponding
productivity/ecosystem services of each separate plant species grown alone in a
monoculture (Huston et al., 2000). Additional critiques included possible confounding of
the number of different plant species in experimental plots with the distribution of the
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number of plants from each species in each plot (species evenness) (Huston et al., 2000).
Controlling only the number of different plant species present in plots and not the number
of total plants of each species was cited as another possible confounding factor that could
complicate measures of process rates such as carbon dioxide emissions from soil (Hooper
et al., 2005; Naeem et al., 1994).
The fourth point of contention was related to the side effects of randomly creating
artificial mixtures of plants and expecting each species to perform equally well. Aarssen
(1997) described how including more species in a mix increased the chances of including
at least one highly productive species that overwhelms the characteristics of the mix in
which it is included. These issues raise the possibility that increased ecological
functioning could be attributed to the dominant effects of that species and not to the
overall diversity level (Hooper et al., 2005).
Intense debate over the validity of the biodiversity ecosystem-function paradigm
followed the classical path predicted by Kuhn (1996) in The Structure of Scientific
Revolutions. The new paradigm, biodiversity drives ecosystem processes, challenged the
old paradigm of ecosystem processes drive biodiversity (deLaplante & Picasso, 2011;
Naeem, 2002). Initial evidence that supported the new paradigm inspired the ecological
community to design studies to investigate the extensiveness of biodiversity in
controlling ecological processes and debate its legitimacy and applicability (Hooper et
al., 2005). Debates in published literature about the new paradigm illustrate the
“proliferation of competing articulation, the willingness to try anything, the expression of
explicit discontent, and the debate over fundamentals” (Kuhn, 1996) that were necessary
in replacing the old paradigm. Gradual acceptance of the new paradigm began to occur as
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the concerns of dissenting ecologists were acknowledged and modified experimental
methods (such as including monoculture plots for comparison) were implemented in
experimental design protocol for evaluating ecosystem responses to differing levels of
biodiversity.
In the more than 25 years of additional testing and discussion since the
biodiversity ecosystem-functioning paradigm was introduced, most ecologists now accept
that biodiversity plays a significant role in ecosystem resilience and functioning
(deLaplante & Picasso, 2011). Acceptance of the paradigm in this context is that new
investigations of this theory are used primarily to “add to the scope and precision to
which the paradigm can be applied” (Kuhn, 1996), rather than to simply assess the
validity of the paradigm itself. Ecologists as a whole recognize that evidence supporting
the theory that biodiversity increases ecological functioning is stronger in experimentally
manipulated environments than in naturally assembled ecosystems (Grace et al., 2007).
Naturally assembled ecosystems tend to have greater inherent diversity and more direct
connections and adaptations to abiotic conditions than synthetic communities assembled
for the purposes of manipulative studies.
Exploration of the biodiversity ecosystem functioning framework via
manipulative experimentation in agroecosystems, which are highly manipulated systems
themselves, is now occurring. Recent investigations conducted in agroecosystems along
this framework show that increased cover crop species diversity included ecological
benefits, such as decreased nitrate leaching in row crop systems (Finney et al., 2016), and
that greater forage species diversity decreased weedy plant abundance in hay systems
(Picasso et al., 2008). Published studies evaluating agroecosystems also make it clear that

9

greater ecosystem functioning can include production and other ecological tradeoffs. For
example, greater cover crop diversity and resulting decreases in N leaching may also
decrease yield of the following maize cash crop (Finney et al., 2016). Thus, assessing the
ability of biological diversity to affect multiple ecological processes is gaining in
importance.
Recent emphasis has been placed on the ability of enhanced diversity to provide
multifunctionality in addressing or enhancing priority ecological services (Allan et al.,
2015; Blesh, 2018; Finney & Kaye, 2017; Hector & Bagchi, 2007; Zavaleta et al., 2010).
New studies consistently focus on understanding links between biodiversity and
ecosystem functioning and predicting responses within and beyond their study systems.
Though these new studies expand the frontier of the biodiversity ecosystem functionality
paradigm, they still rely on early ecological theories to predict relationships between
species diversity and ecosystem responses, a thorough understanding of which may guide
the future testing of the biodiversity ecosystem functioning framework in
agroecosystems.
1.3

Theories predicting ecological responses to diversity
Main hypotheses proposed to explain the relationship of biodiversity (either

individual plant species or plant functional groups) to ecosystem functioning include the
species redundancy hypothesis, where once a minimum level of functional traits are
reached, adding additional species does not increase additional ecosystem benefits
(Lawton & Brown, 1994). In contrast, the rivet hypothesis (Ehrlich & Ehrlich, 1981)
predicts that after a certain number of rivets (species) are lost, production and ecosystem
function rapidly declines (i.e., as an airplane might crash if too many rivets are removed
10

from the wings). Finally, the idiosyncratic hypothesis (Lawton, 1994; Wooliver et al.,
2022) predicts no discernable relationship between the number of species present and the
level of ecosystem functioning measured.
Much of the work that supports the redundancy and rivet theories has been
performed in grassland experiments where the number of individual live plant species
were experimentally manipulated (Hector et al., 1999; Tilman, 1996). The idiosyncratic
theory has been supported more strongly in studies that examine the effects of greater
plant diversity on belowground parameters of ecosystem functioning such as litter
decomposition (Wardle et al., 1997), soil organic carbon (SOC) accumulation (Wooliver
et al., 2022), and soil microbial diversity (Wooliver et al., 2022).
These theories regarding ecological functioning with varying levels of diversity
led to popular conceptual relationships referred to as the Type 1, 2, and 3 curves
developed by Vitousek and Hooper (1993) (Figure 1.1). The Type 1 relationship predicts
that ecosystem
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Figure 1.1. Possible functional relationships between biological diversity and ecosystem-level
biogeochemical functions. Type 1 curve implies a linear effect of diversity, Type 2 suggests an
asymptotic relationship, and Type 3 suggests there is no effect of diversity (Vitousek & Hooper,
1993).

functioning linearly increases with additional plant species with no species redundancy,
as more species equate directly to greater ecosystem functioning. The Type 1 relationship
occurs at very low species diversities common in monoculture cropping systems (Smith
et al., 2008), where it is logistically difficult to integrate more than 6-10 species into cash
crop and cover crop rotations. The Type 2 curve predicts that ecosystem function
increases linearly but saturates when a certain number of species are reached, and species
redundancy begins to occur. The Type 2 relationship was strongly supported in early
investigations in manipulated grasslands in Europe (Hector et al., 1999) and the US
(Tilman et al., 1997). The Type 3 curve is represented by a horizontal line where the
number of species does not impact the ecosystem function (the idiosyncratic hypothesis;
Figure 1.1). The Type 3 curve has been supported primarily when the ecosystem
properties of interest are belowground, such as soil microbial diversity and soil carbon
accumulation (Wooliver et al., 2022).
Of these three types of theorized relationships, researchers most widely accept the
saturating response of ecosystem functioning (Type 2; the redundancy hypothesis)
(Hooper et al., 2005; Wilsey, 2018), due to its flexibility in accounting for both direct
increases in ecosystem functionality at lower diversity levels and species/functional
group redundancy at higher diversity levels. Long-term monitoring of early diversity
studies in temperate grasslands have shown that rapid growth in ecosystem functioning
occurs early after establishment but that species competition and redundancy become
more influential as treatment stands mature over time (Kinzig et al., 2002).
12

Application of species diversity and ecosystem functioning theories in
agroecosystems rather than manipulated semi-natural grasslands requires further
discussion. Agroecosystems receive large inputs of fertilizers and are regularly disturbed,
complicating attempts to evaluate cumulative and long-term effects of plant diversity on
ecosystem functioning (Isbell et al., 2017; Picasso et al., 2008; Tiemann et al., 2015). As
such, investigation of the biodiversity ecosystem-functioning paradigm in highly
managed agroecosystems systems first requires an understanding of the background of
the agroecology concept.
1.4

Application of the biodiversity ecosystem-functioning framework to
agroecosystems
Agroecology is a relatively new field of investigation that combines the disciplines

of ecology and agronomy, defined operationally as “the application of ecological
concepts and principles to the design and management of sustainable food, fiber, and
fuel” (Gliessman, 2007). The origins of agroecology are in indigenous
agriculture/polyculture and the use of biological strategies to reach management goals
due to the absence of other options such as off-site inputs. Miguel Altieri emphasized
biodiversity as a critical management lever in one of the first agroecology textbooks in
1987, “In agroecology, biodiversification is the primary technique to evoke selfregulation and sustainability” (Altieri, 1999). Re-integration of biotic diversification as a
potentially effective management strategy to increase ecosystem sustainability in modern
agriculture has been ingrained in the field of agroecology, more so than in traditional
agronomy.
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The field of agroecology is based on a different management approach than that
of production agronomy; agroecology applies a systems-level framework that is focused
on long-term productivity and reduction of synthetic inputs (Gliessman, 2007). In a
comparative and very broad sense, agroecosystems differ from less-disturbed ecosystems
in that they are managed primarily to produce a marketable agricultural product and they
cannot exist without some form of consistent human intervention (Swift & Anderson,
1993). Management intensification in agroecosystems leads to trends of reductions in
plant, animal, and microbial diversity, changes in resource availability, and then
alterations in ecosystem function that ultimately control agroecosystem productivity and
sustainability (Figure 1.2).

Figure 1.2. The influence of intensification on biodiversity and function in agricultural ecosystems
(Swift & Anderson, 1993).

14

The regular disturbances necessary to manage row crop agroecosystems make
these areas more difficult to study from an ecological standpoint, which resulted in delays
in using agroecosystems as basic units of study compared to semi-natural ecosystems
(Gliessman, 1990). The grassland systems first used to investigate the biodiversity
ecosystem-functionality framework in Minnesota, USA (Tilman et al., 1997) and in
Europe (Hector et al., 1999) are based primarily on vegetation communities with
perennial plant species and were not strictly considered agroecosystems. Application of
theoretical links between the biodiversity of perennial species and ecosystem functioning
to agroecosystems that are based largely on annual cash crop species is challenging
(Smith et al., 2008), especially since greater biomass productivity from a row crop does
not necessarily translate into greater grain or crop yields. The inputs required to manage
agroecosystems such as fertilizer, tillage, or herbicide may obscure the observation of
accumulated consequences attributable to changes in plant diversity that others have
observed in low-input perennial systems (e.g., changes in weed species, soil nutrient
levels, etc.).
Other less-disturbed agroecosystems, such as forage systems managed for hay or
livestock grazing, usually have perennial plant components and vegetation communities
more similar to the Minnesota and European grassland studies where biodiversity and
ecosystem responses were first observed. Perennial forage agroecosystems may behave
more similarly to the biodiversity ecosystem-functioning framework predictions than row
crop systems when plant diversity is manipulated. Studies investigating the biodiversity
ecosystem-functioning framework on agroecosystems have tested this paradigm on
forage systems, confirming that greater plant diversity was correlated with greater overall

15

biomass production (Bullock et al., 2007; Picasso et al., 2008; Sanderson et al., 2007),
and lower weed biomass (Picasso et al., 2008).
Just as in croplands where increased plant biomass productivity does not correlate
with grain yield, not all forage agroecosystems benefit directly from greater biomass
production in the sense of grazing/hay feeding animal production. Even though greater
plant biomass production has been shown to occur with greater pasture plant species
diversity (Picasso et al., 2008), more biomass may not correlate directly with increases in
grazing animal productivity (Sanderson et al., 2007; Soder et al., 2007). The lack of
information in the initial biodiversity ecosystem-functioning framework about the quality
of biomass (e.g., forage analysis for nutrients and protein) available to grazers
exemplifies the disconnect of the biodiversity ecosystem-functioning paradigm to the
efficiency of agricultural product outputs.
Building on the theoretical diversity framework and including customized metrics
to gauge the effectiveness of manipulating plant species diversity in agroecosystems is
needed to determine if plant species diversity improves agroecosystems (Smith et al.,
2008). Moving away from the general assessment of annual biomass production as a
master response variable toward assessing other responses such as grain yield, hay
quality/digestibility, grazing palatability, and animal gains should allow stronger
correlations to potential ecosystem services derived from changing plant species
diversity.
1.5

Diversity in row crop agroecosystems
Croplands are high-input agroecosystems that have undergone the greatest degree

of plant community simplification relative to unmanaged ecosystems. Row crop systems
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are arguably the systems that would benefit most from greater plant diversity in terms of
yield and environmental sustainability (Smith et al., 2008). Due to the highly specialized
management operations common in monoculture cropping, these systems are also the
most challenging in which to integrate greater plant diversity. Divergence in unique crop
management operations needed for monoculture crops vs polyculture crops, systems that
include two or more cash crops, hinders comparisons and prevents direct testing of the
biodiversity ecosystem-functioning framework.
Cropland studies evaluating the effects of additional plant diversity usually
compare one traditional monoculture to one alternative option where an additional
species is added to the monoculture species (Vandermeer et al., 2002). In contrast, the
Minnesota plots used to develop the biodiversity-ecosystem functioning framework
included mixtures of up to 32 plant species (Tilman et al., 1997). Comparing
monocultures to only one other level of increased diversity prohibits the development of
an index of yield and ecosystem responses regressed across greater levels of plant species
diversity. This approach prevents the identification of relationship trends between
yield/ecosystem processes (i.e., Figure 1.1) and limits predictions of any important
thresholds. Using low numbers of plant mixtures common in row crop diversity
experiments also prevents the full evaluation of when or if species redundancy occurs
(i.e., where does the saturation point in the Type 2 curve occur?). Studies that compare
plant species diversity of up to six species in cropping rotations typically observe more
linear increases in ecosystem processes (Smith et al., 2008) and a lack of species
redundancy (e.g., the Type 1 curve).
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Examples of attempts to increase plant species diversity in row crop
agroecosystems has mostly occurred as intercropping—where two or more crops are
grown at the same site during the same time (Brooker et al., 2015). The primary
ecological service benefits cited when growing two or more crops simultaneously
include: a reduction in crop pest pressure or disease (Isbell et al., 2017; Letourneau et al.,
2011), an increase in beneficial insect populations important for crop pollination services
(Kremen & Miles, 2012), and reductions in nitrogen fertilizer and soil erosion (Affeldt et
al., 2004; Sawyer et al., 2010; Zemenchik et al., 2000).
Despite positive ecosystem benefits to intercropping, cash crop yield penalties
resulting from resource competition (e.g., water, light, nutrients) are a major concern
(Brooker et al., 2015). Results from intercropping studies in conventional row crop
production agroecosystems are highly variable and depend on site factors such as past
rotation, soil nutrients, and environmental conditions (Brooker et al., 2015). For example,
maize planted into a perennial “living mulch” of kura clover (Trifolium ambiguum M.
Beib) in the midwestern US provided ecological benefits in the form of reduced soil
erosion. Competition with kura clover resulted in a maize yield penalty in one study
(Sawyer et al., 2010) and no yield penalty in another study (Affeldt et al., 2004).
Prevention of maize yield penalties required multiple applications of broadcast herbicides
to retard kura clover growth (Affeldt et al., 2004; Zemenchik et al., 2000), showing that
increasing plant diversity in row crop agroecosystems comes with cost increases for
agricultural producers and possible negative environmental consequences of greater
pesticide applications.
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To minimize competition for resources between cash crop species and other plant
species, increasing plant diversity using temporal variation has been successful and more
widely adopted on US croplands. Varying cash crop rotation diversity (Tiemann et al.,
2015) and planting cover crops (Jacobs et al., 2017) have been used as viable alternatives
to intercropping. Diversifying the cash crop sequence compared to continuous
monoculture crops of the same species has been shown to increase crop yields compared
to continuous sequences of the same crop each year, with yield benefits attributed to the
“rotation effect” (Porter et al., 1997). Increasing cash crop sequence diversity to take
advantage of the rotation effect showed that greater crop rotational diversity decreased
the need for additional fertilizer inputs (Smith et al., 2008). However, yields of different
cash crops responded differently to greater rotational diversity (Smith et al., 2008),
illustrating that increasing plant diversity does not uniformly maximize yield conditions
for all cash crop species. However, agricultural producers often lack the flexibility,
desire, or capacity to alter the cash crops they grow. Producers must buy expensive
specialized equipment to harvest and store different crops to diversify their operations. In
addition, evidence exists that agricultural producers are reluctant to diversify cropping
rotations because it increases their overall risk profile (Komarek et al., 2020).
Growing cover crops, crops that are not harvested but are grown during times
when soil would otherwise be fallow (Dabney et al., 2001), is another approach to
diversifying cash crop rotations. Cover crops offer solutions that avoid the competitive
effects of intercropping and the added costs and risks of diversifying cash crop rotations,
though careful management is needed because cover crops may cause temporal cash crop
competition by preemptive use of water and nitrogen. Planting targeted cover crop
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species allows the specialized treatment of priority resource concerns when fields are
fallow in winter, when most temperate agroecosystems are most vulnerable to soil
erosion and nitrate leaching (Blanco-Canqui, 2018; Dabney et al., 2001; Jacobs et al.,
2017).
Few studies have experimentally investigated the relationship between cover crop
species number and resulting ecosystem services within the framework of the
biodiversity ecosystem-functioning framework (Blesh, 2018; Finney et al., 2016; Smith
et al., 2008). Results are mixed and show that increasing species diversity in mixes did
increase total cover crop biomass (Smith et al., 2014), but the mixtures did not produce
more biomass than highest-yielding individual species grown as monocultures (Finney et
al., 2016). Cash crop yield and weed biomass decreased with increasing crop biomass
(Finney et al., 2016) or were unaffected (MacLaren et al., 2020). Echoing criticisms of
initial biodiversity ecosystem-functioning framework studies, authors highlighted the
importance of individual species traits or functional group traits rather than biomass in
driving ecosystem properties (MacLaren et al., 2020; Smith et al., 2014; Storkey et al.,
2015).
In the eastern US, maize and soybean cash crop rotations are common. However,
most cover crop research focuses on continuous monoculture rotations (Reddy, 2001)
because these systems are simpler from a logistical standpoint and may allow trends from
cover crops to be observed more easily than in rotations. This means there is a lack of
studies examining cover crop effects in realistic cash crop rotations. A tighter coupling
between cash crop yield, treatment of cropland resource concerns, ecosystem services,
and potential economic effects is needed to properly inform agricultural producers
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interested in increasing plant diversity via cover crops in row crop rotations in this
region. Surveys of agricultural producers indicate that they would be more likely to use
cover crops on their farms if they were more familiar with potential benefits
(Conservation Technology Information Center, 2019).
Evaluation of cover crops to address cash crop yield, environmental, and
economic concerns in common production alternative scenarios involving tillage and
herbicide management supplies useful information to both agroecologists, agronomists,
and agricultural producers. However, there needs to be more studies that synthesize
tradeoffs in production situations (Schipanski et al., 2014), since a suite of cover crop
alternative scenarios provide a more accurate measure of risk (Bergtold et al., 2019) in
incorporating more diversity into realistic production systems.
1.6

Plant species diversity in grazed pasture agroecosystems
The value of integrating greater plant diversity into hay/pasture systems has been

recognized long before the development of the biodiversity ecosystem-functioning
framework (Ball et al., 1991). Ruminant livestock animals (e.g., sheep, goats, and cattle)
have evolved over their life history to balance their nutritional intake requirements by
selecting different forages across diverse landscapes (Provenza et al., 2007). However,
the development of improved seeding and fertilization strategies and subsequent increase
in harvest frequencies in the 1950s led to widespread use of highly productive grass
monocultures (Sanderson et al., 2004) rather than diverse pasture ecosystems.
Strategically adding more forage plant species back into these systems could have
benefits for both livestock productivity and environmental quality (Sanderson et al.,
2007), but the results of incorporating greater species diversity into forage and grazing
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systems is not consistent. Planting a diverse mix of up to 11 summer annual species for
cattle grazing showed that monocultures yielded more biomass than mixtures (Mercier et
al., 2021) due to species competition for resources and selective grazing of desirable
species. Other studies that included mixtures of annual and perennial species showed that
biomass production increased with greater species diversity (Picasso et al., 2008).
Biomass yield in both studies was driven by the exceptional production ability of one
dominant species (Mercier et al., 2021; Picasso et al., 2008).
A more successful strategy for integrating diversity in grazed pastures would be
selecting specific plants to complement the growth of dominant forage species
(Sanderson et al., 2004). Legumes make plant-available nitrogen via symbiotic
relationships with soil rhizobacteria and provide high levels of dietary protein and other
nutrients essential for livestock growth and development. Adding legume species to
grass-dominated systems has been shown to directly improve forage quality and
subsequent livestock gains (Sanderson et al., 2007), and legumes often grow well when
inter-seeded in agroecosystems dominated by perennial grasses (Ball et al., 1991).
The environmental benefits of integrating legumes into the pasture vegetation
community include nitrogen fixation that is available for uptake by other plants such as
pasture grasses (Pirhofer-Walzl et al., 2012), potentially decreasing the amount of
synthetic N fertilizer applied. This is important because a major goal of improving
ecosystems services is reducing N loss to the environment, since roughly 30-80% of
applied synthetic N fertilizers may accumulate in non-target areas such as drinking water,
air pollution, or surface water pollution (Pretty, 2008).
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Adding legumes to grass-based pastures also increases the diversity of secondary
plant metabolites available in the vegetative community (Provenza et al., 2007). Legume
species produce a host of secondary metabolites that are consumed by grazing animals,
insects, and soil microbes (Villalba et al., 2019). There are many chemical classes of
secondary plant metabolites that serve in a variety of roles in the plant, many of which
are involved in deterring herbivory by insects or grazing animals (Villalba et al., 2019).
Including legume species in grass-dominated pastures increases livestock access to a
range of plant metabolites and creates a “chemoscape” (Villalba et al., 2019) where
grazing animals can select what they consume based on nutritional needs, responses to
secondary metabolites, and overall palatability (i.e., taste, flavor, and texture) (Provenza
et al., 2007). Adding a greater number of plant species to grazing systems ultimately
allows a greater diversity of plant secondary metabolites to enter the digestive system of
ruminant animals, some of which have been shown to induce beneficial effects on
livestock growth performance.
Recent investigations into the role of legumes in mixed stands have shown that
benefits to ruminants extend beyond increases in forage quality parameters compared to
grass-only communities. Steers consuming red clover (Trifolium pratense L.) at a rate
equivalent to 30% canopy cover in a grass-dominated pasture gained significantly more
weight than steers not consuming red clover in balanced feed rations (Harlow, Flythe, et
al., 2017). Red clover contains a bioactive isoflavone, biochanin A, that improves rumen
protein digestibility (Flythe & Kagan, 2010). Adding biochanin A supplementation to
cattle diets also improved fiber fermentation in the rumen (Harlow et al., 2018), and
alleviated negative effects of rumen acidosis, a condition detrimental to animal health
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(Harlow, Aiken, et al., 2017). The positive effects on livestock growth from natural plantderived chemicals, such as biochanin A in red clover offer an attractive alternative to
similar growth promotion effects achieved with feed antibiotics (Clemensen et al., 2020;
Flythe et al., 2013; Flythe & Kagan, 2010), a practice that is losing popularity due to
potential concerns of antibiotic resistance in livestock and humans.
Plant secondary metabolites may be important in driving ecosystem processes and
could be used to decrease environmental impacts associated with greater livestock
production expected in the future (Alexandratos & Bruinsma, 2012). For example,
condensed tannins in leaf material have been shown to alter ecosystem processes such as
litter decomposition rates and carbon and nitrogen balances in soil (Schweitzer et al.,
2004). Recent studies have shown cattle feces containing condensed tannins from grazed
forages altered soil nitrogen dynamics (Clemensen et al., 2020) and decreased nitrous
oxide greenhouse gas emissions from soil (Simon et al., 2019). Studies examining the
fate of biochanin A in soils have not been investigated in the context of livestock waste
(Furbo et al., 2011; Ozan et al., 1997) and effects of biochanin A deposited within
livestock excreta patches on trace gas emissions, and soil microbial communities in
pasture soils are unknown.
1.7

Plant genetic and microbial diversity in fescue agroecosystems
Agroecosystems managed for forage and hay production often include one highly

dominant and productive grass species (Ball et al., 1991). Integrating greater diversity
into these systems could entail the establishment of several plant cultivars or varieties of
single grass species, since diversity in an agroecosystem can exist at many levels. Plant
cultivars have known genetic origins and documented performance parameters (e.g.,
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yield, persistence, pest and pathogen resistance, and ability to adapt to weather extremes
such as drought). Including multiple cultivars of the same forage species could be a
viable strategy to maintain productivity with expected changes in climate, since increased
forage species persistence has been identified as a major objective in the future
sustainability of forage systems (Norton et al., 2016), especially given climate projections
predicting warmer temperatures and altered precipitation regimes (Alexandratos &
Bruinsma, 2012; Burkett & Kusler, 2000).
Historically, individual genetic backgrounds of single plant species were assumed
to be less important than interactions between different species or plant functional groups
in altering ecological processes (Whitham et al., 2003). However, the impact of varied
plant genetic resources within a single species has recently been shown to be capable of
driving important ecosystem processes when the species of interest dominates the
vegetation community (Schweitzer et al., 2004). In a forestry example, hybridized
cottonwood tree species (Populus fremontii and P. angustifolia) displayed a range of
tannin concentrations in leaf litter depending on genotype. The tannin content of leaves
directly controlled litter decomposition and resulting soil nitrogen mineralization rates in
cottonwood-dominated ecosystems (Schweitzer et al., 2004). Genetic cultivar-level traits
of dominant perennial grass forages could represent an underutilized avenue, the
extended phenotype concept (Whitham et al., 2003), to change plant-soil feedbacks and
resulting ecosystem services by altering within-species genetic diversity.
Another underexplored area of biodiversity in forage agroecosystems is the
potential manipulation of the diversity of plant-microbe interactions. Unique and
important relationships in pasture/grassland systems commonly exist between forage
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species and microbes. For example, the association of pasture legumes with specific
rhizobacteria allows the fixation of atmospheric nitrogen in nodules, which improves
forage quality for herbivores and supplies nitrogen to many components of these
agroecosystems. Nitrogen fixed as a result of the legume/rhizobia plant-microbe
interaction is also supplied to neighboring forage plants such as grasses (Pirhofer-Walzl
et al., 2012).
Besides the beneficial effects of legume/rhizobia relationships on forage
agroecosystems, species of mycorrhizal fungi in the soil associate with plant roots,
including grasses, to increase plant nutrient acquisition (such as phosphorus). The
diversity of arbuscular mycorrhizal fungi (AMF), in particular, has been shown in
greenhouse/macrocosm studies to regulate plant diversity, productivity, and soil nutrient
levels (Van Der Heijden et al., 1998).
Plant-microbe interactions that control the performance of plant characteristics are
widespread in grasses. One unique relationship that is important in grassland or
herbaceous pasture agroecosystems is the symbiosis of grasses with microscopic
endophytic fungi. Fungal endophyte/grass relationships are highly specific to grass
species and endophyte strain, though these relationships are widespread, with an
estimated 20-30% of grass species in the Pooidae subfamily possessing relationships with
fungal symbionts (Leuchtmann, 1993; Rudgers et al., 2004).
Plant-microbe interactions may drive ecosystem processes and are important
influencers of biological diversity in forage systems. The manipulation of these grass
associated plant-microbial interactions (specifically of fungal endosymbionts) to better
adapt to climate change (Bourguignon et al., 2015; Iqbal et al., 2013; Kivlin et al., 2013;
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McCulley et al., 2014) has also been explored. Grasses of agronomic importance have
been shown to host microbes inside aboveground plant tissue (i.e., fungal endophytes,
(Rudgers et al., 2004)) and in below-ground associations with plant roots (e.g., AMF
(Kivlin et al., 2013; Van Der Heijden et al., 1998)) that alter ecosystem functioning.
A specific plant-microbial interaction that affects forage production and
persistence, subsequent forage quality to livestock, and a host of other environmental
consequences exists in the Eastern US between tall fescue (Schedonorus arundinaceus
(Schreb.) Dumort., nom. cons.) and its fungal endophyte (Epichloë coenophiala) (Bacon,
1995). Fungal endophytes are microscopic organisms that live inside grasses in an
intimate relationship classified broadly as a mutualistic (Clay, 1988; Clay & Schardl,
2002). The presence or absence of endophyte infection may alter many grass
characteristics such as productivity, drought tolerance, resistance to herbivory, and the
ecosystem dynamics supported by those characteristics (Clay, 1988; McCulley et al.,
2014; Rudgers et al., 2004). Tall fescue is a cool-season perennial bunchgrass native to
Europe commonly grown by agricultural producers in temperate regions around the
world. In the US, tall fescue has become the most important pasture grass and supplies
forage for approximately 8.5 million beef cattle (Ball et al., 1991) across approximately
14 million ha (Stuedemann & Hoveland, 1988).
Tall fescue’s endophyte produces chemical compounds such as alkaloids that
improve the plant’s environmental stress tolerance and resistance to grazing by mammals
or insects (Bacon, 1995). Ergot alkaloids, produced by the original endophyte strain that
naturally associated with one of the earliest available US fescue cultivars and which is
now the most common cultivar, KY 31, are toxic to mammals. Symptoms of toxicity in
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cattle include fescue foot, the loss of hooves and tails due to vasoconstriction, and fescue
toxicosis, a condition characterized by low animal weight gain, higher body temperatures,
and lower conception rates (Ball et al., 1991). Fescue toxicosis reduces livestock
productivity and increases pressure on grazing lands, as animals must remain longer on
pastures for longer time periods to reach marketable weights.
Efforts to limit fescue toxicosis by removing the common toxic endophyte strain
from KY 31 (either by fungicide seed treatment or seed storage at higher temperatures to
kill the endophyte) were successful in improving animal performance, but endophyte-free
tall fescue stands succumbed to drought and overgrazing in 3-4 years (Gunter & Beck,
2004; West et al., 1994). Other naturally-occurring strains of E. coenophiala that provide
benefits to the grass host but do not produce mammal toxic compounds, called “novel”
strains, have been integrated into fescue cultivars (e.g., Texoma MaxQ II, Jesup MaxQ,
BarOptima Plus E34; Young et al. (2014)). Grazing studies show that cattle consuming
grasses with novel endophytes gained more weight and had greater performance than
those that consumed grass infected by the endophyte that produced toxic compounds to
mammals (Nihsen et al., 2004). However, there is evidence that stand reductions due to
heavy grazing occur more often in novel tall fescue pastures compared to KY 31 pastures
infected with the common toxic endophyte. For example, stand reductions were
numerically greater in Jesup tall fescue infected with the MaxQ novel endophyte than in
stands of Jesup infected with the common toxic endophyte (Burns et al., 2006).
The persistence of tall fescue stands varies according to the grass cultivar/genetic
adaptations to environmental conditions, but also depends on the genetic basis of the
endophyte strain, its adaptations to growing conditions, and interactive effects between
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grass cultivar and endophyte strain (Rudgers et al., 2010). Tall fescue endophyte strains
interacted with different plant cultivars to alter measures of ecological processes in one
Indiana study. In this study, Rudgers et al. (2010) showed that endophyte strains averaged
over cultivars affected vegetation community composition, with the common toxic
endophyte reducing tree seedling density and total plant species richness in experimental
plots compared to stands infected with the AR-542 endophyte strain. Endophyte strains
interacted with fescue cultivar identity and produced different endophyte infection
frequencies in fescue stands over time. Endophyte infection frequency decreased over the
three-year period when the AR-542 strain was present in the Georgia-5 fescue cultivar. In
the Jesup cultivar, however, the AR-542 endophyte infection frequency remained
unchanged. These results illustrate the influence of extended phenotypes (Whitham et al.,
2003) of both plant cultivars and symbiotic endophytes on ecosystem processes and
feedbacks. Additional ecosystem processes affected by tall fescue/endophyte interactions
include impacts on overall soil carbon storage (Guo et al., 2016; Iqbal et al., 2012), litter
decomposition rates (Siegrist et al., 2010), soil microbial communities (Rojas et al.,
2016) and soil-mediated trace gas emissions to the atmosphere (Iqbal et al., 2013).
In Kentucky, soil trace gas emissions appeared to be more responsive to tall
fescue cultivar than endophyte infection status, though stands with different novel
endophytes varied in soil emissions of carbon dioxide, nitrous oxide, and ammonia (Iqbal
et al., 2013). Further manipulations investigating soil and air ecosystem services across a
range of endophyte-grass diversity relationships could test whether the biodiversityecosystem functioning framework holds true for this important plant-microbe interaction.
Varying the diversity of cultivar/endophyte relationships present in a stand could produce
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differences in stand persistence and productivity, similar to including a greater diversity
of individual plant species predicted by the biodiversity-ecosystem functioning
framework.
1.8

Opportunities to address agroecosystem sustainability with biodiversity
Overall, there are many opportunities to integrate the concepts of the biodiversity-

ecosystem functioning framework into row crop and forage agroecosystems broadly and
in the context of the challenges posed within agroecosystems in the eastern US.
Development of these strategies should ideally track both production and ecosystem
benefits and tradeoffs (Schipanski et al., 2014) to develop better recommendations for
agricultural producers.
This dissertation explores strategies to increase biological diversity in cropland
and pasture/forage agroecosystems with the goal of improving agroecosystem
sustainability. Integrating greater levels of biodiversity into these agroecosystems is an
effort to wield the theoretical framework of biodiversity-ecosystem functioning as a tool
to meet the myriad challenges of supporting human populations (Isbell et al., 2017). I use
the looming challenge of sustainably increasing the production efficiency and level of
ecosystem services in agroecosystems in the eastern US as a lens for evaluating the
usefulness of manipulating the diversity of living organisms as a practical management
tool. As the connectedness of agroecosystems to global ecosystem services continues to
increase, so should the scale of investigations that encompass the functioning and longterm viability of crop and livestock systems. My work aims to bridge interdisciplinary
gaps with the future goal of developing a suite of recommendations designed to benefit
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the perpetual production of both agroecosystem goods and their services. Consequently, I
investigated the following questions in this dissertation.
1. Row crop agroecosystems:
How does the integration of cover crop mixtures into a maize/soybean rotation under
different combinations of winter cover and tillage management regimes affect crop
yields, crop production costs, and ecosystem services such as soil organic matter and soil
retention?
2. Pasture agroecosystems:
Does feed supplementation of the secondary plant metabolite found in red clover,
biochanin A, affect lamb urinary N output, trace gas emissions, or microbial communities
of soils amended with lamb urine?
3. Tall fescue agroecosystems:
Does increasing the symbiotic diversity level of tall fescue cultivars and plant-microbe
fungal associations affect forage production, quality, vegetation diversity, or
environmental parameters such as soil trace emissions, soil carbon storage, or soil
microbial communities?
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CHAPTER 2. COVER CROPS AND NO-TILLAGE REDUCE CROP PRODUCTION
COSTS AND SOIL LOSS, COMPENSATING FOR LACK OF SHORT-TERM
SOIL QUALITY IMPROVEMENT IN A MAIZE AND SOYBEAN PRODUCTION
SYSTEM
Published in 2022* and reformatted for this dissertation.
Jacobs, A.A., Stout Evans, R., Allison, J.K., Garner, E.R., Kingery, W.L., and R.L.
McCulley. 2022. Cover crops and no-tillage reduce crop production costs and soil
loss, compensating for lack of short-term soil quality improvement in a maize and
soybean production system. Soil and Tillage Research, 218, 105310.
https://doi.org/10.1016/j.still.2021.105310.
*Elsevier article author retains the right to include published article in a dissertation.

2.1

Introduction
A central goal of modern agriculture is to balance high levels of crop production

with the protection of surrounding ecosystems and resources such as clean water and air.
Conservation agriculture has been touted as a solution to limit soil erosion and improve
soil quality over time (Karlen et al., 2003). Cover crops, which are crops that are planted
between cash crops and not harvested (Dabney et al., 2001), have been shown to reduce
off-site soil erosion (Blanco-Canqui et al., 2015). Though cover crop influences on cash
crop yield vary according to site conditions, a meta-analysis revealed that non-legume
cover crops reduced nitrate leaching by 70% compared to bare fallow areas, while cash
crop yields were not significantly affected (Tonitto et al., 2006). Interest in enhancing onsite agroecosystem benefits has grown since the 1990s with the development of the soil
quality concept (Karlen et al., 2003). The soil quality movement shifted focus from the
classic goal of decreasing soil erosion to improving soil and overall system sustainability.
Evidence shows that cover crops may increase soil cation exchange capacity and soil
organic matter, with corresponding improvements to row crop yield stability and yield
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potential (Williams et al., 2018). Modeling frameworks have shown that cover cropping
is a viable economic option in situations where production input costs have risen or will
rise substantially, such as elevated fuel, fertilizer, or herbicide costs (Schipanski et al.,
2014). When input prices such as fuel, fertilizer, and herbicides are affordable for
producers, the soil quality movement has advocated for financial assistance programs as a
mechanism to offset cover crop implementation expenses (Snapp et al., 2005). Financial
incentive availability for management-based conservation practices like cover crops has
undergone recent expansion through US Farm Bill programs. The 2018 Farm Bill
increased conservation funding by $1 billion from levels in the 2014 Farm Bill
(McMinimy, 2019).
Despite the environmental benefits and governmental investment in financial
incentives, widescale adoption of cover crops in the United States remains low compared
to other field-scale conservation practices such as no-tillage. According to the 2017 US
Agriculture Census, cover crops were planted on only 6.2 million hectares compared to
17.1 million hectares of no-till practices (USDA-NASS, 2017). Even though no-tillage is
adopted, the exposed soil surface is vulnerable to erosion for five to seven months in
monoculture production systems (Frasier et al., 2016). Poor cover crop adoption may be
attributed to the lack of information about realistic costs of incorporating cover crops into
cropping systems, as a 2017 survey found that 69% of non-cover crop users agreed or
strongly agreed that they would “be more likely to use cover crops if they better
understood how cover crops would benefit their farm” (Conservation Technology
Information Center, 2017). Recent evidence suggests that using cover crops can help
producers transition from conventional to no-tillage systems while maintaining crop yield
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and supporting soil fertility (Boselli et al., 2020). In addition, cover crops have been
identified as a required strategy to improve carbon sequestration in no-till systems
(Frasier et al., 2016).
Research has evaluated the potential beneficial effects of cover crops on soil
(carbon storage, compaction, erosion; Blanco-Canqui et al. (2015)), water (nitrate
leaching; Thapa et al. (2018)), air (nitrous oxide soil emissions; (Basche et al., 2014)),
plants (crop weed control; Mirsky et al. (2011); cash crop yield; (Wittwer et al., 2017)
and Acharya et al. (2019)), and animals (insect pollinators, (Mallinger et al., 2019)).
However, few studies have adequately addressed the human aspect associated with
sustainably financing these improvements and the interactions of cover crops with tillage
systems. The majority of information available evaluates how well cover crops
accomplish one particular resource objective without measuring corresponding
implementation costs, as highlighted by Schipanski et al. (2014). This is supported by a
more recent national producer survey where 42% of non-cover crop users identified “no
measurable economic return” of cover crops as a major concern (Conservation
Technology Information Center, 2019).
This knowledge gap in synthesizing measured soil benefits, actual implementation
costs, and resulting cash crop yields prevents the development of holistic system cost-soil
benefit scenarios, making it difficult for producers to evaluate resource and economic
tradeoffs associated with conservation agriculture. Research into the motivations for
producer adoption of cover crops has been more closely tied to whether or not cover
crops can increase short-term profits by increasing yield (Marcillo & Miguez, 2017) and
limit yield variability in adverse conditions (Williams et al., 2018). Resource-based
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studies about cover crops appear to overlook the element of risk inherent in altering the
crop rotation by adding a cover crop. Some producers may even view cover crops as a
sunk cost that cannot be recovered in the short-term, illustrating the importance of
considering economic risks of conservation practices among potential adopters (Marra et
al., 2003).
Studies investigating the potential resource benefits of cover crops should
therefore include corresponding short-term measures of costs within both no-till and
conventional tillage operations. For example, returns of cover crops in a four year period
were recently shown to be negative, even when financial assistance of $140 ha-1 was
provided (Thompson et al., 2020). Previous research within the Mississippi Delta region
has shown that net returns in soybean production were $105 ha-1 and $76 ha-1 for no-till
and conventional tillage, respectively, and that adding a cover crop species caused
negative net returns (Reddy, 2001). A larger body of comprehensive information about
resource and production tradeoffs of conservation practices is essential for producers to
make informed decisions about realistically integrating conservation practices into their
operations.
The aim of this study was to evaluate the impact of conservation agriculture on
both soil resources and economic production cost. We compared different production
systems ranging from a low (the conventional system: conventional tillage + bare) to high
(the conservation system: no-tillage + cover crop) level of conservation implementation.
We included conventional and no-tillage regimes, as a majority of cover crop studies
provide information about only one tillage regime (Blanco-Canqui, 2018). Each tillage
regime (tillage and no-tillage) was combined with three winter cover types: bare fallow
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with weeds controlled with residual herbicide (bare), bare fallow with winter weed
growth (weed), and cover crop (cover). Focus was placed on comparing the conventional
system (conventional tillage with bare fallow with weeds controlled with residual
herbicide [conv. till + bare]) to the conservation system (no-tillage with a winter cover
crop [no-till + cover crop]) in terms of soil benefits and production costs. We
hypothesized that soil benefits would be maximized in the no-till cover crop system.
However, we also predicted that production costs would be minimized in no-till bare
fallow with winter weed systems, and that cash crop yield would be maximized in the
non-conservation system of conventional tillage with bare fallow with weeds controlled
by residual herbicide. To determine which conservation agriculture system provided the
largest soil improvement at the lowest production cost, we tracked six different systems
in a maize (Zea mays L.)/soybean (Glycine max [L.] Merr.) rotation over a three-year
period.
2.2
2.2.1

Materials and methods
Site description
The study site was established in 2015 at the USDA-Natural Resources

Conservation Service’s Jamie L. Whitten Plant Materials Center in northwest Mississippi
(33°59'01"N; 89°48'16"W) near Coffeeville. Soil at the site was classified as a Grenada
silt loam with a 1.5% slope (Fine-silty, mixed, active, thermic Oxyaquic Fraglossudalfs;
(USDA-NRCS, 2002)). The surface texture of the soil was a silt loam with water and
roots limited by a fragipan appearing near a depth of 45 cm. Soil drainage in spring is
poor due to the fragipan presence, so maize and soybean row crops were commonly
planted on raised beds to minimize ponding and provide earlier spring planting
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opportunities. Soil at this site is considered to be potentially highly erodible land and
would reach highly erodible land designation at greater than 2% slope, regardless of
tillage or crop management (USDA-NRCS-Mississippi, 2019). Despite primarily flat
production areas in the Mississippi Delta, sediment loss into the Mississippi River Basin
from cropland has been identified as a major resource concern for a considerable amount
of time (Dabney et al., 2001). Throughout the study site, sand, silt, and clay in the top 10
cm varied somewhat but were within silt-loam texture classes (data not shown). The 30year normal for mean annual precipitation in Coffeeville was 1,490 mm, with the greatest
proportions of precipitation delivered in winter (28%) and spring (27%) and lower
proportions in summer (22%) and autumn (23%) (NOAA, 2010). The normal daily mean
temperature is 16.8o C, minimum temperature is 10.7o C, and maximum is 23o C (NOAA,
2010). The study area had been mowed annually for the last five years before the fields
were tilled and seedbeds prepared.
2.2.2

Study design and treatment combinations
The study was a randomized complete block design with four replications. After

tillage and seedbed preparation, soybeans were planted in the spring of 2015 after field
preparation and application of recommended fertilizer and lime. Prior to initial soybean
crop planting in 2015, soil P and K were adjusted to medium fertility levels (42-81 kg P
ha-1 and 125-179 kg K ha-1) based on soil test recommendations from Mississippi State
University (Oldham, 2017). Nitrogen was applied to maize crops only at a total rate of
224 kg ha-1 either as broadcast urea or as injected urea ammonium nitrate (UAN).
Nitrogen was applied in two applications, with 1/3 of total N applied prior to maize
planting (74 kg N ha-1) and 2/3 total N applied at the v6 growth stage (150 kg N ha-1).
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Raised beds had 102 cm between row centers. The field was separated into treatment
plots that were 4.1 m wide x 61 m in length and consisted of four raised bed/rows. To
limit edge effects associated with differing light and soil moisture availability, there were
no alleyways between plots. Selected soil and plant attributes were collected within the
interior two plot rows to reduce carryover effects from surrounding plots. Plots at the end
of the field were surrounded by control plots (where crops were grown but data were not
collected) to further limit edge effects. Crops were dryland production with no
supplemental irrigation applied. Only one cash crop was planted in all treatments each
year with the following sequence: soybean (2015), maize (2016), soybean (2017), and
maize (2018).
Treatments were split into two tillage regimes with three winter cover types in a 2
x 3 factorial design. Tillage systems included conventional tillage and no-tillage. The
three winter cover types within the two tillage regimes were bare fallow where winter
weeds were controlled by a soil residual herbicide, fallow where winter weeds could
naturally grow, and cover crops. The conventional tillage with bare fallow system where
winter weeds were controlled by herbicide served as the control or conventional system
(conv. till + bare), while the no-till with cover crop served as the conservation system
(no-till + cover).
2.2.3

Tillage and winter cover systems
Tillage operations for conventional tillage systems were completed every year in

the fall after soybean or maize harvest. Tilled treatments included basic seedbed
preparation where row beds were knocked down with an offset disc harrow and reestablished with a disc bedder hipper every other year prior to maize planting. Row beds
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in the conventional tillage regime were not disturbed prior to soybean planting. In the notillage regime, soil beds were not tilled or disturbed after initial establishment except with
fluted coulters during maize or soybean planting.
Bare fallow treatments were sprayed with a soil residual herbicide after cash crop
harvest in the fall (rimsulfuron/thifensulfuron-methyl herbicide at 147 mL ha-1 rate) to
prevent winter weed germination and emergence in the fall after cash crop harvest. Preemergent fall herbicide application of a Group 2 herbicide (such as
rimsulfuron/thifensulfuron-methyl herbicide) is a common practice in the Southeast and
was recommended for preventing the growth of herbicide-resistant weeds, such as Palmer
amaranth (Amaranthus Palmeri [S.]) (Mississippi State University Extension Service,
2019; Montgomery et al., 2018). Many producers apply residual herbicides in the
Mississippi Delta region to prevent Palmer amaranth infestations, as a zero tolerance for
weed infestation is recommended to prevent greater spread of herbicide
resistance.(Norsworthy et al., 2012). Palmer amaranth was not present in the study plots;
however, fall residual herbicide application was included in the control treatment
(conventional till and no-tillage bare plots) to mimic current production practices. This
residual herbicide treatment controlled other winter weed species in plots (such as henbit
Lamium amplexicaule [L.] and chickweed Stellaria media [L.] Vill.). Weedy fallow
treatments were not sprayed with any herbicides and volunteer weeds flourished (e.g.,
henbit and chickweed).
Cover crop treatments were seeded after cash crop harvest each year in the fall
and chemically terminated with an aerial application of herbicide in the spring. All plots
(including cover crop plots) were chemically terminated with an aerial application of
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broad-spectrum herbicide. All plots received the same rate of herbicide at termination
prior to cash crop planting in the spring. Burndown termination herbicides included
different tank mixes prior to planting soybean (2.3 L ha-1 glyphosate + 2.2 mL ha-1
carfentrazone-ethyl) and maize (4.7 L ha-1 paraquat + 6.5 L ha-1 S-metolachlor) following
local recommendations (Mississippi State University Extension Service, 2019). Since all
plots received a spring herbicide application to control weeds prior to planting, chemical
termination cost for cover crops was not considered a separate cost unique to only cover
crop systems.
Cover crop seed mixes were determined using the NRCS Cover Crop Selection
Tool for Row Crop Rotations in the Southeast (Jacobs et al., 2017). The NRCS in
Mississippi and other southern states require producers receiving NRCS Farm Bill
financial assistance to use this tool to select cover crop species. Though cover crop
species varied by year according to planning tool outputs, the same cover crop species
and rates were planted in both tilled and no-till plots with cover crops (Appendix 1,
Figure 2.1). All mixes consisted of at least two species from differing plant functional
groups (e.g., grass: cereal rye [Secale cereale L.], broadleaf: oilseed radish [Raphanus
sativus L.], legume: crimson clover [Trifolium incarnatum L.]). The selection tool
provided recommendations for cover crop species based on existing constraints such as
cash crop species considerations for crop pests, etc. Cover crop species selection, seeding
rate, and costs are listed in Supplementary Figure 2.1 in Appendix 1.
2.2.4

Soil assessments
After initial seedbed preparation was completed in the fall of 2014, composite soil

samples were collected. Soil fertilizer and lime were applied in the fall according to soil
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test recommendations for medium fertility levels, with soybean selected as the first crop
(Oldham, 2017). Soil samples were collected each year after cash crop harvest and
recommended fertilizer amounts were applied in the fall according to cash crop
recommendations (maize or soybean). Individual fertilizer (P, K) and lime
recommendations for each plot were averaged among similar treatments (e.g., all
conventional tillage + cover crop treatments received the same fertilizer application
rates).
Initial soil samples to assess soil organic matter and soil bulk density were
collected from the 0-10 and 10-20 cm depth intervals in the fall of 2015 and reassessed in
the fall of 2018. Subsample cores were collected from 0-10 and 10-20 cm depths on top
of the raised bed using a Giddings hydraulic truck-mounted soil probe (Windsor, CO).
Subsamples were dried at 55° C in a forced air dryer for five days and dry mass was
calculated from the mean of the two subsamples and divided by the core volume to
calculate bulk density. Two separate subsample cores were collected from each plot at the
same times to determine soil organic matter content. These cores were gently broken up
by hand and airdried for three weeks. Ten grams of air-dry soil was ignited in a muffle
furnace for four hours at a temperature of 500°C, and the difference between soil mass
before and after the ignition was divided into the starting soil mass to determine SOM by
LOI.
Soil loss was estimated with the Revised Universal Soil Loss Equation
(RUSLE2), an electronic tool that evaluates site factors and management practices to
estimate annual loss of soil in cropland (Renard et al., 1991). Since 1992, the RUSLE2
model has been used by USDA-NRCS conservation staff in every county or parish in the
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US where producers apply for Farm Bill financial assistance to assist in development and
implementation of conservation plans (Renard et al., 1994). Potential erosion rates
estimated in RUSLE2 are primarily used to evaluate the ability of land management
decisions to meet defined conservation objectives and are most useful in identifying
conservation scenarios that are most likely to limit soil loss (Renard & Dabney, 2008).
The crop species, timing, and field operations are recorded, and the resulting
amount of estimated annual soil loss is used to determine whether fields are classified as
highly erodible land. If the field is designated as highly eroded land, the operating
producer must follow a compliance plan with mitigating soil conservation practices such
as conversion to no-tillage, cover crops, or crop rotation (USDA-RMA, 2018). Producers
must follow the highly erodible land compliance plan to maintain eligibility for Farm Bill
programs. In addition, highly erodible land compliance is a requirement for federal crop
insurance subsidies, where the federal government pays an estimated 62% of total crop
insurance premiums (USDA-RMA, 2018). Many conservation tools and frameworks
incorporate RUSLE2 calculations (Renard & Dabney, 2008; Schipanski et al., 2014).
Annual soil loss calculated by RUSLE2 of a field in an operation is compared to
the soil series T-value, a benchmark value established for each soil series as the total
amount of loss that can be sustained in order to preserve site productivity and
functionality (Renard et al., 1991). For this study site, the soil loss tolerance value was 9 t
ha-1 yr-1 (USDA-NRCS-Mississippi, 2019). Production systems in which RUSLE2
outputs exceed the T-value are equated with impaired agricultural functioning over the
short and especially the long-term time scales.
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Equation 2.1

L = R * S * SL * C * P

L is the annual loss of soil in t ha-1, R is the average annual erosivity based on climate
(MJ mm h-1 ha-1), S is soil erodibility factor determined by soil series, SL is slope
multiplied by slope length, C is cover rating based on residue management from tillage
factors, and P is the rating assigned to differing management practices (Renard et al.,
1991). These practices include the timing of tillage operations and types of tillage
implements. The RUSLE2 model was developed using small plots to model both local
and remote sediment deposition. Soil deposition from large fields can be modeled by
measuring separate slope segments for any landforms present within the field, with
remote deposition occurring at the edge of the field or the end of the slope break (Renard
& Dabney, 2008). The study site was a simple hillslope profile, and only one slope length
and slope percentage were used for each RUSLE2 plot calculation.
The tillage and management operations for each of the systems evaluated in this
study were entered into USDA-NRCS RUSLE2 access database version 2.6.11.1
November 7, 2018 (USDA, 2021). In addition, mean dry mass of winter vegetation
clipped at the time of chemical winter vegetation termination was averaged over tillage
and winter vegetation treatments (either weeds in bare and winter weed plots or cover
crop biomass from cover crop plots) and entered into the RUSLE2 yield section
(Appendix 1: Supplemental Figure 2.1). Biomass yield was entered in as an aerial
seeding operation for the cover crop plots and a regrow operation to account for winter
weed biomass in the winter weed and bare cover treatments (Appendix 1: Supplemental
Figure 2.1). Mean annual estimated soil loss for each system was calculated from the soil
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loss output values associated with the 2016 maize, 2017 soybean, and 2018 maize crop.
An example of the management inputs for the database are provided in Appendix 1:
Supplemental Figure 2.2.
2.2.5

Cash crop and winter ground cover
Maize yield was determined by hand-harvesting 4 m2 for each plot from one of

the two interior row beds (4.0 linear row m) and hand-shelled. Soybean yield was
determined using a research combine, where all four plot rows were harvested after plot
ends were trimmed in a total plot area of 0.0205 ha-1 (4.1 m wide plot area by 50 m in
length for each plot). Harvested grain was dried in a forced air oven at 55°C for three
days or until measured mass did not change. Yield mass was determined by drying grab
samples of harvested biomass in a forced-air oven until grain was 0% moisture and then
calculating final biomass at 12% and 14% moisture for maize and soybeans, respectively.
Winter ground cover was estimated during the week of December 15 each year.
Cover class (bare soil, residue/litter, live plant, or gravel) was recorded at each 15.2 cm
interval on a 3.1 m transect line stretched diagonally across the interior two rows of each
plot.
2.2.6

Economic assessments
This study measured the direct costs of implementing each system (cover crop

seed, fuel and labor for planting, etc.). Direct benefits were assessed by determining the
occurrence of yield benefits, reduction of soil erosion, increases in soil organic matter
level, and decreases in soil bulk density. The direct factors selected for evaluating
cropping costs were similar to those used by Bergtold et al. (2019) and Reddy (2001).
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Actual costs of system inputs were tracked from 2015 to 2018. In addition,
separate costs of production were computed per cropping year since the cash crop varied.
Cost per Mg ha-1 of maize or soybean produced was selected as a measure of economic
sustainability without including the variation associated with local commodity prices.
Expenses that were common to all production systems, such as the cost of planting the
same variety of cash crop, were omitted from the calculation. Costs were only tracked for
the treatment practices: cover crops (seed, labor, and fuel), tillage operations (labor, fuel),
and residual herbicide application for bare plots (herbicide cost, labor, fuel). One
treatment system, the no-tillage winter weed, had a net cost of zero as this system had no
tillage, cover crops, or residual herbicides applied.
For costs that could not be accurately measured on the small-plot scale such as
labor, annual enterprise crop-specific budgets developed by the Mississippi Agricultural
and Forestry Experiment Station were used (Falconer et al., 2016; Williams et al., 2017).
On-site seed ordering costs and herbicide purchase costs were used. Equipment, labor,
and fuel costs were considered by assigning field operation costs (such as planting or
tillage operations) listed in the annual enterprise planning budgets (Appendix 1:
Supplemental Table 2.3). Indirect costs such as equipment depreciation and land rental or
ownership costs were also omitted to facilitate direct comparison of tillage and winter
cover treatment systems. Though equipment depreciation costs were not considered in
this study, they are important in making sound long-term planning decisions based on
overall planned field operations. The formula used to compute overall production cost for
each system was:
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𝐶𝐶 =

∑ 𝑖𝑖

Equation 2.2

𝑌𝑌

C is the total system cost for each unit of production in dollars Mg-1, i is the annual input
costs associated with each system in dollars ha-1, and Y is the cash crop yield of each
system in Mg ha-1. This method of comparison is similar to the Return Over Variable
Costs (ROVC) used by Gareau (2004) to compare differing management systems while
excluding site-specific fixed costs (Marra & Kaval, 2000), though we did not include
crop revenues. This manner of tracking costs allowed direct comparison between
production systems regardless of commodity market fluctuations.
Cover crop mixes priced near $62 ha-1 ($25.00 per acre; not including shipping
costs) were used to simulate moderate economic investment in cover crops. Typical cover
crop mix costs range from $24.70 - $172.90 ha-1 ($10.00- $70.00 ac-1) depending on
goals, seed inoculant, and number of plant species. Seed purchasing costs were kept near
average values to make cover crop implementation more feasible if financial assistance
was not provided (Appendix 1: Supplemental Figure 2.1). Of the producers who planted
cover crops in 2019, 48% of them did so without any form of financial assistance
(Conservation Technology Information Center, 2019).
2.2.7

Statistical analyses
Changes in soil properties (bulk density and soil organic matter) measured at two

time points, initial in 2015 and final in 2018, were evaluated using analysis of variance
(ANOVA) according to the SAS GLMMIX procedure with repeated measures (version
9.4, SAS Institute, In., Cary, NC). The annual crop attributes (cash crop yield and winter
ground cover) were evaluated using ANOVA according to the SAS GLM procedure
46

(version 9.4, SAS Institute, In., Cary, NC). We used alpha levels of 0.05 to determine
statistical significance and means that differed were separated with Tukey’s Honest
Significant Difference. Soil loss estimates from RUSLE2 and production costs were not
subjected to statistical analysis as all replicated plots within a treatment combination were
treated the same.
2.3
2.3.1

Results
Soil organic matter, bulk density
There were no significant changes in soil organic matter levels over time, winter

cover type, tillage regime, or their interactions for either depth sampled (Appendix 1:
Supplementary Table 2.1; Figure 2.1). Average soil organic matter levels were 2.49% in
the 0-10 cm and 1.94% in the 10-20 cm depth (Appendix 1: Supplementary Table 2.1).
Soil bulk density decreased from 2015 to 2018 in all treatment systems and in
both depths (p = 0.0021, 1.45 to 1.33 g cm-3; p = <0.001, 1.70 to 1.54 g cm-3 in the 0-10
and 10-20 cm depths, respectively). Cover crops did not influence soil bulk density, as
winter cover type did not significantly affect soil bulk density in the 0-10 cm (p = 0.6199)
or 10-20 cm depth intervals (p = 0.6909) and there was no significant interaction between
tillage regime and winter cover type (p = 0.8060 and p = 0.4203, respectively; Appendix
1: Supplemental Table 2.2).
From 2015 to 2018, soil bulk density in the top 10 cm significantly decreased in
conventional tillage systems (1.45 to 1.25 g cm-3, p = 0.0235; Figure 2.1; Appendix 1:
Supplemental Table 2.2) but was unchanged in no tillage systems. Changes in soil bulk
density were difficult to assess due to the regular soil disturbance associated with row bed
preparation.
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Figure 2.1. Soil organic matter and bulk density changes in the 0-10 cm (top) and 10-20 cm (bottom)
depth intervals from 2015 to 2018. Bars for each point represent standard errors. Circular points
represent soil organic matter and triangular points represent soil bulk density. Point and bar colors
represent tillage regime: red is conventional tillage, green is no-tillage, and blue represents means
averaged across tillage regime. Shaded plot regions denote individual treatment factors averaged
across other treatments, with the vertical dotted line representing 0% change from 2015 to 2018.
Significant effects for both parameters are further described in Appendix 1: Supplementary Tables 1
and 2.

Lower bulk densities observed in the top 10 cm in conventional tillage plots were
likely due to tillage performed the year before final bulk density samples were collected,
temporarily aerating soil and decreasing mass per unit volume compared to the
undisturbed top 10 cm in the no-tillage system (Figure 2.1). Soil bulk density change in
the 10-20 cm depth was not affected by tillage regime (p = 0.3110, Appendix 1:
Supplementary Table 2.2).
2.3.2

Cash crop yield and cost of production
Cash crop yields were not affected by winter cover type in any of the years (Table

2.1). Yields were affected by tillage regime in maize crops but not the soybean crop.
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There were no significant interactions between cover and tillage (Table 2.1). Soybean
yield in 2017 averaged 2.8 Mg ha-1 and yields did not differ across treatments (Table 2.1).
Maize yield in 2016 was significantly less in no-till plots (6.18 Mg ha-1) compared to
conventional-till plots (7.51 Mg ha-1; p = 0.0400; Table 2.1). However, this trend was
reversed in the 2018 maize crop, as no-tillage plots achieved significantly greater maize
yields (9.10 Mg ha-1) than conventional tillage plots (8.17 Mg ha-1, p = 0.0319) when
averaged across all other factors (Table 2.1).
Table 2.1. Cash crop yields from 2016-2018.
Tillage system
Winter treatment
All treatments mean
Individual treatment combinations
conventional tillage
bare
conventional tillage
winter weed
conventional tillage
cover crop
no-tillage
bare
no-tillage
winter weed
no-tillage
cover crop
Treatments averaged across all other factors
conventional tillage
across all cover
no-tillage
across all cover
across both tillage
bare
across both tillage
winter weed
across both tillage
cover crop
Source of variance
Degrees of freedom
Tillage (T)
1
Cover (C)
2
TxC
1

2016 maize
2017 soybean
2018 maize
------------------------------Mg ha-1------------------------------6.85 (0.37) †
2.80 (0.09)
8.46 (0.24)
8.34 (1.03)
7.97 (1.00)
6.22 (0.70)
5.70 (0.73)
6.36 (0.71)
6.33 (0.97)

2.64 (0.29)
2.96 (0.17)
2.97 (0.14)
2.57 (0.24)
2.92 (0.36)
2.76 (0.06)

8.63 (0.38)
8.56 (0.93)
7.50 (0.40)
9.55 (0.77)
8.69 (0.33)
9.06 (0.25)

7.51 (0.56) a
6.18 (0.43) b
7.10 (0.75)
7.17 (0.65)
6.27 (0.55)
p-value
0.0400
0.3414
0.3072

2.86 (0.12) a
2.57 (0.14) a
2.61 (0.18)
2.94 (0.18)
2.86 (0.08)
p-value
0.5544
0.2705
0.9177

8.17 (0.36) b
9.10 (0.28) a
9.01 (0.45)
8.62 (0.46)
8.28 (0.37)
p-value
0.0319
0.6311
0.2773

†Standard errors are in parentheses following means. Means followed by the same letters within each year column
are not significantly different according to Tukey’s HSD at the p < 0.05. P-values in bold are significant at the p < 0.05
level. Mean separations were performed on significant main effects only and are highlighted in bold.

Production costs varied by crop type, year, and treatment system (Appendix 1:
Supplemental Table 2.3). Surprisingly, the mean cost to produce one unit of yield was
43% lower in the conservation system (no-till + cover crop, $17.04 Mg-1) than in the
conventional system (conv. till + bare, $29.67 Mg-1) across three years and averaged over
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cash crop type (Figure 2.2). The system with the lowest additional cost ($0) was the notillage + winter weeds system because there were no tillage operations, cover crops, or
residual herbicide applications (Figure 2.2).

Figure 2.2. Mean additional cost ($ Mg-1 of crop yield) of treatment systems from 2016- 2018. Bars
are standard errors of the treatment cost means. This includes the tillage and winter cover type costs
incurred in the 2016 maize, 2017 soybean, and 2018 maize crops

Production cost for the no-till + bare system ($9.69 Mg-1) was the second lowest
cost system. Planting a cover crop in a no-till regime otherwise left bare over winter
increased the cost of cash crop production by 75% ($9.69 to $17.04 Mg-1). As expected,
crop production costs were greatest in the conventional till + cover crop treatment
($38.66 Mg-1), which was 30% greater than the conventional till + bare system ($29.67
Mg-1; Figure 2.2).
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2.3.3

Winter ground cover and soil erosion
Both tillage regime and winter cover type affected the amount of bare ground

present in December. Bare ground was minimized in the conservation system (no-till +
cover) in 2016, 2017, and 2018. In 2016, no-till plots had significantly less bare ground
than conventional tillage plots regardless of winter cover type (p = 0.0014; Figure 2.3).
There was no interaction between tillage regime and winter cover type in 2016 (p =
0.0644; Figure 2.3).
In 2017 and 2018, there were significant interactions between tillage regime (p =
0.0020 and <0.0001, respectively) and cover type (p <0.0001 and p <0.0001,
respectively; Figure 2.3) in ground canopy cover. In 2017, though the amount of bare
ground was greater in conventional compared to no-tillage plots, differences depended on
winter cover type. Cover crop, unlike the bare and winter weed cover types, equalized
bare ground percentage to 10% in both the no-till and conventional tillage regimes
(Figure 2.3). The no-till + bare system had significantly greater amounts of bare ground
than the other no-till cover types (cover crop and winter weed), and bare ground levels in
the no-till + bare system were similar to the conventional (conv. till + bare) system
(Figure 2.3). In 2018, the effect of the winter cover types depended on the tillage regime.
The amount of bare ground in the conventional system (conv. till + bare) did not differ
from that of the conv. till + weed system. Bare ground amounts in the no-till + weed and
no-till + bare systems were also similar (Figure 2.3).
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Figure 2.3. Bare ground percentages in treatment plots during December 2016-2018. Bars represent
the standard error of the means. Means followed by the same letters within each year column are not
significantly different according to Tukey’s HSD at p < 0.05. Means marked with (*) indicate that
corresponding soil loss was equal to or below tolerable levels of 9 ton-1 year-1 (See Table 2). P-values
in bold are significant at the p < 0.05 level. In 2016, where both main effects but the not their
interaction was significant, treatment differences are shown with capital letters for tillage regime and
lower-case letters for winter cover type.

In general, tillage was associated with a greater amount of soil loss estimated by
RUSLE2 (Table 2.2 and Figure 2.4). Maximum mean soil loss over the three-year period
occurred in the conventional system (conv. till + bare, 25.1 t ha-1), which was nearly three
times the soil loss tolerance (T) of 9 t ha-1 yr-1 (4 t ac-1 year-1; Table 2.2). Soil loss was
minimized in the conservation system (no-till + cover, 4.2 t ha-1) across the three years,
losing less than half of the soil T value (Table 2.2). Cover crops assisted in limiting
erosion below T in conventional tillage regimes only in 2016 (8.6 t ha-1; Table 2.2).
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Table 2.2. Estimated soil erosion by RUSLE2† the 2016, 2017, and 2018 cropping years according to
tillage and winter cover treatment systems.
2016 2017 soil
2018 soil
2016-2018 mean soil
Tillage system
Winter treatment ------------------------------------------- t ha-1--------------------------All treatments mean
8.9
19.6
10.6
13.6
Individual treatment combinations
conventional tillage
bare
17.0 31.4
26.9
25.1
conventional tillage
winter weed
16.8 31.4
21.7
23.3
conventional tillage
cover crop
15.9 24.6
22.4
21.0
no-tillage
bare
1.3
11.0
1.4
4.5
no-tillage
winter weed
1.3
10.8
1.4
4.5
no-tillage
cover crop
1.3
8.3
0.8
3.5
Treatments averaged across all other
conventional tillage
across all cover
16.6 29.1
23.7
23.1
no-tillage
across all cover
1.3
10.0
1.2
4.2
across both tillage
bare
9.2
21.2
14.1
14.8
across both tillage
winter weed
9.1
21.1
11.6
13.9
across both tillage
cover crop
8.6
16.5
11.6
12.2
†RUSLE2

is the Revised Universal Soil Loss Equation program that estimates the amount of soil loss given site
characteristics, crops, and management practices. The tolerable annual soil loss amount (T) for this site is 9 t ha-1 and
values where soil loss is equal to or less than tolerable limits are in bold.

Figure 2.4. Comparison of tillage and cover treatment system effects on crop production cost, soil
loss, and crop yield. Crop production cost includes the mean cost of tillage and cover treatments
relative to mean crop yield from 2016-2018. *The no-till + weed system incurred no extra costs
related to tillage and winter cover. Soil loss includes the mean RUSLE2 soil loss from 2016-2018.
Crop yield is the mean crop yield from the 2016 maize, 2017 soybean, and 2018 maize crops. Each
benefit category was scaled: crop production cost and soil loss were scaled by dividing each
treatment value by the minimum treatment value (since minimizing these attributes were desirable),
while crop yield was scaled by dividing each treatment value by the maximum treatment value (since
maximizing this attribute was desirable).
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Estimated soil erosion loss in the soybean crop was more severe than in corn crops.
In soybean production, the only treatment that minimized soil loss below the T value was
the conservation system (no-till + cover crop; Table 2.2). In contrast, when corn was the
cash crop, switching from a conventional to a no-tillage regime regardless of winter cover
type (bare, winter weed, cover crop) was sufficient to minimize soil loss to T values
(Table 2.2). Planting a cover crop in a conventional tillage regime (conv. till + cover)
decreased the mean total soil loss over three years by 16% compared to the conventional
system (conv. till + bare; 21.0 to 25.1 t ha-1, respectively, Table 2.2).
Cover crops were more effective in decreasing estimated soil erosion than winter
weed cover treatments when averaged across tillage regimes. When averaged across
tillage regime, soil loss in cover cropped plots (12.2 t ha-1) was 18% less than in the bare
winter cover type (14.8 t ha-1), but only 6% less in the winter weed cover type (13.9 t ha1

; Table 2.2). The effectiveness of substituting bare winter systems with winter weeds or

cover crops to reduce soil loss differed by the cash crop. Allowing winter weeds to grow
was more beneficial in the maize than soybean crop, which was contrary to our
expectations given the low amount of surface residue that remains after soybean harvest.
2.4

Discussion
Our research showed that the primary benefits of the conservation system (no-till

+ cover crop) compared to the conventional system (conventional till + bare) were
decreases in the crop production cost and reduction in the annual soil loss estimates.
Improvements in soil organic matter content were largely absent and may take longer to
accrue. This agrees with work from southern Brazil over a 30-year period, where though
soil organic carbon (SOC) levels were greater in no-tillage systems compared to
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conventional tillage systems, SOC levels were still increasing in no-tillage systems
(Bienes et al., 2021). Nascente et al. (2013) reported that though overall SOM levels did
not change over a three-year period, use of no-tillage and a millet cover crop did increase
carbon and nitrogen concentration in light fractions of SOM, though we did not measure
light fractions of SOM in this study. Measuring the top 10 cm may have masked SOM
changes that may have occurred in shallower depths more responsive to management.
This is consistent with longer-term studies, such as a 13-year comparison of conventional
and no-tillage, where no-till increased soil organic carbon (SOC) in the 0-5 cm depth and
not deeper in the profile (Freixo et al., 2002).
Cover crops have been shown to decrease soil bulk density over longer time spans
of consistent implementation (Blanco-Canqui, 2018), but cover crops did not reduce bulk
density more than other systems in this study (Figure 2.1). The sampling approach chosen
for assessing soil bulk density may have failed to detect accumulated differences due to
sampling timelines and complications of recent tillage operations between the initial and
final bulk density cores. Initial and final soil cores to assess soil bulk density were
collected on 22 September 2015 and 20 September 2018, respectively. Conventional
plots were tilled on 24 October 2017 (322 days prior to final soil core sampling), and
likely explained why bulk density was lower in conventional than no-till plots (Appendix
1: Supplementary Table 2.1). An alternate sampling strategy sensitive to other drivers of
bulk density changes besides tillage regime (e.g., cover crops) could have included
sampling immediately prior to the last tillage operation on 24 October 2017.
Neither maize or soybean yields were negatively affected by growing a cover crop
(Table 2.1). Soybean crops have been shown to be less sensitive to cover-crop induced
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yield decreases than maize crops (Hunter et al., 2019) which was also supported in this
study. Our results also agree with Acharya et al. (2019) in a Louisiana study, where they
found no significant cover crop or tillage effects on soybean yield. Maize yields were
most strongly affected by tillage regime, as yields were significantly lower in no-till in
the 2016 maize crop but were significantly greater in no-till in the 2018 maize crop
(Table 2.1). A yield reduction with converting to no-tillage in the first year has been
shown for other systems (Munkholm et al., 2013). Maize yield differences may also be
related to corollary soil health parameters, such as soil water availability, localized soil
drainage, and precipitation. The January to June precipitation amount was greater in 2018
(920 mm; when no-till yields were greater than conventional tillage yields) than in 2016
(700 mm; when conventional tillage yields were greater than no-tillage yields; onsite
weather station data not shown; Table 2.1). No-tillage systems may have increased yields
with greater precipitation, while conventional tillage systems may have a yield advantage
in lower-precipitation conditions, possibly because no-tillage facilitates better soil water
surface drainage than conventional tillage. This agrees with past studies showing climate
may affect yield more than tillage regime (Wilhelm et al., 1987).
The most compelling producer benefit was the cost savings of the conservation
system (no-till + cover crop) compared to the conventional system (conventional till +
bare) despite the added costs of seed, labor, and fuel involved in planting cover crops.
There is an economic opportunity for producers to lower their input costs by 43% by
switching from a conventional (conventional till + bare) to a conservation system (no-till
+ cover crop; Figure 2.2). If producers wish to switch from the conventional system
(conv. till + bare) to the lowest cost system, the no-till + winter weed is the best option
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(Figure 2.2). Our results differed from those of Reddy (2001), who found that cover crops
caused negative returns in both tillage systems and that returns were greatest in no-till
systems without cover crops. This could be due to differences in calculating either costs
of production or net returns of the system, which incorporated commodity prices.
Using cover crops and converting to a no-tillage regime did decrease soil loss as
measured by RUSLE2 (Table 2.2). However, most producers do not routinely complete
RUSLE2 assessments on each field in their operations to manage soil loss. An alternate
way for producers to gauge the susceptibility to erosion in different fields is to assess the
amount of bare ground present over the winter. Soil is most vulnerable to loss in times of
high rainfall when surface residue and vegetation canopy cover are low, with some
previous work showing that surface residue is essential for decreasing erosion even in notill production systems (Bradford & Huang, 1994). In both the 2016 and 2018 maize
crops, treatment combinations with 20% or less bare ground met the RUSLE2 tolerable
soil loss threshold (Figure 2.3). Though the amount of bare ground in 2017 and 2018 was
affected by the interactions between tillage regime, winter cover type, and cash crop
species, making management decisions to limit bare ground to 20% could be a useful
management goal for producers and conservation planners.
Switching from the conventional system (conventional till + bare) to the
conservation system (no-till + cover crop) minimized soil loss. Average annual soil loss
rates in the conventional system (conventional till + bare; 25.1 t ha-1) were reduced by
86% in the conservation system (no-till + cover crop; 3.5 t ha-1; Table 2.2) over three
years. Changing the winter cover type from bare to cover crop in a conventional tillage
regime decreased soil loss by 16% (25.1 to 21.0 t ha-1; Table 2.2). While cover crops
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decreased soil loss in the conventional tillage regime, it is important to emphasize that
cover crops largely did not meet the objective of lowering soil loss to acceptable levels as
defined by RUSLE2 soil loss tolerance in (9 t ha-1 yr-1).
The potential benefits of no-till and cover crops can be examined through the lens
of three central short-term benefits that include crop yield, cost effectiveness, and soil
retention (Figure 2.4). The conventional system (conventional tillage + bare) provided
slightly better crop yields than the conservation system (no-till + cover) averaged across
three years but had greater input costs and was less cost-effective than the conservation
system (no-till + cover; Figure 2.4). Soil loss was minimized in the conservation system
(no-till + cover crop) and maximized in the conventional system (conventional tillage +
cover crop; Figure 2.4).
The results of this study show that conservation agriculture can provide resource
benefits and make cash crop production more economically efficient for producers.
Focusing on the input cost consequences associated with a variety of conservation system
combinations (e.g., tillage regime, herbicide program) that include cover crops may
increase adoption among producers. Input costs of conservation strategies are as
important to farm economic vitality as crop yields and should be readily available to
producers. This agrees with the recent producer survey in which 75% of producers who
were not using cover crops agreed or strongly agreed that they would be more interested
in using cover crops “if cover crops could help me reduce inputs (fertilizer, insecticide,
herbicide, etc.)” (Conservation Technology Information Center, 2019). Including cost
estimates for each alternative conservation system provides essential information for
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producers to more thoroughly understand and manage the many forms of risk inherent in
production agriculture (Komarek et al., 2020).
It may also be useful to further emphasize that soil quality cannot be improved
without limiting soil loss to tolerable levels, especially in areas where highly erodible
land is a large concern. Information from this study shows that retaining soil on site is the
first and essential step of increasing overall soil quality before benefits are realized in
more holistic measures of soil quality (such as increasing soil organic matter).
The results of this study reinforce the need to track short-term benefits and costs
of implementing conservation agriculture, enabling agricultural producers and resource
managers to evaluate economic and environmental tradeoffs. Longer-term studies are
particularly needed to quantify the cumulative cost of soil losses in terms of soil nutrients
that must be replaced with fertilizer.
2.5

Conclusion
This study has shown that combining no-tillage with winter cover crops lowers

cash crop production costs compared to similar conventional systems employing
intensive tillage and residual soil herbicides. Shifting current row crop systems toward
conservation production systems (including no-tillage and cover crops) will require the
consistent demonstration of producer benefits that include a measure of increased
economic profit, either through increased crop product outputs or reduced production
costs. Simultaneous evaluation of the short-term economic and long-term resource
consequences of implementing cover crops into conventional and no-tillage systems is
imperative to increase adoption of innovative conservation practices that protect or
enhance natural resources.
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Crop production costs and soil benefits vary widely within and outside regional
practices and local site conditions. A deeper, more comparative understanding of the
economic consequences of switching to different levels of conservation agriculture is
needed in agronomic and natural resource studies. Tracking and providing basic cost
information when measuring the resource benefits of conservation is likely to foster
increased adoption among agricultural producers and help producers land managers reach
sustainable resource and economic goals.
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CHAPTER 3. LAMB FEED SUPPLEMENTATION WITH NATURAL RED CLOVER
PRODUCT BIOCHANIN A REDUCES SOIL TRACE GAS EMISSIONS OF
NITROUS OXIDE AND METHANE AND VOLATILIZATION OF AMMONIA IN
URINE EXCRETA PATCHES
3.1

Introduction
Livestock waste deposition areas in grazed pastures are hot spots for atmospheric

losses of carbon and nitrogen in the forms of carbon dioxide (CO2) methane (CH4),
nitrous oxide (N2O) and volatilized ammonia (NH3). Waste deposition from grazing
livestock is the second largest contributor to greenhouse gas emissions in the agricultural
sector, with enteric fermentation emitting the greatest portion (Tubiello et al., 2013). In
particular, urine depositional areas exhibit accelerated biogeochemical reaction rates
(e.g., the hot spots and hot moments hypothesis; (McClain et al., 2003)) and are subject to
greater gaseous loss pathways than feces deposition (van der Weerden et al., 2011).
Concentrated nitrogen (N) application rates can reach 1300 kg N ha-1 per urine patch for
dairy cows (Eckard et al., 2010), with excess N being lost directly through ammonia
volatilization or nitrous oxide emissions. Sheep in the United Kingdom were shown to
excrete N in patches at a loading rate of 838 kg N ha-1, with 10 urination events per day
(Marsden et al., 2020). Given that global demand for meat products is expected to
increase in the future (Tilman & Clark, 2014), there is greater interest in developing
innovative strategies to mitigate greenhouse gas emissions and ammonia volatilization in
livestock grazing systems.
Emissions of individual trace gases from pasture soils result from complex
interactions between grazing management, animal species and behavior, vegetation and
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soil site properties, the composition of urine deposited, and the soil microbial
communities present (Cai et al., 2017). Microbial processes in urine excreta patches
directly mediate emissions of carbon dioxide (Jiang et al., 2012), methane (Hutsch,
2001), and nitrous oxide (e.g., respiration, methanotrophy/methanogenesis, nitrification,
denitrification) (Cai et al., 2017). Though ammonia is not classified as a greenhouse gas,
it is an atmospheric pollutant that decreases overall air quality (Ma et al., 2021).
Volatilized ammonia can also be redeposited on soil and contribute to further losses as
nitrous oxide (Cai et al., 2017). Ammonia volatilization also constitutes an economic loss
for livestock producers because N loss prevents forage plants from using this N as a
fertilizer source.
Nitrous oxide emissions are widely considered to be the most problematic
greenhouse gas to control in intensively grazed pasture environments, with over 30% of
total nitrous oxide emissions attributed to livestock excreta (Oenema et al., 1997). Highintensity, low-frequency grazing systems ensure more even use of forages; however, this
type of grazing system means that urine patches will be further concentrated by
overlapping excretion patches from many animals. Adding feces to urine excreta patches
increases anaerobic soil conditions, which causes accelerated nitrous oxide emissions
(Lombardi et al., 2022; van Groenigen et al., 2005). Urine patch N loads can be lost
quickly as nitrous oxide (Oenema et al., 1997), especially if soil conditions become
anaerobic due to precipitation, further feces amendments, or soil compaction from hoof
traffic.
Urine additions stimulate greater carbon dioxide emissions from soil via urinary
urea carbon, but effects dissipate after 2-4 days (Bol et al., 2004). Soluble urinary carbon
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directly stimulates short-term soil microbial respiration, but there are arguments that
urinary carbon can increase mineralization of stored soil carbon and initiate greater
carbon dioxide losses via the priming effect (Cai et al., 2017). Evidence is mixed as urine
priming effects have been shown to contribute to greater carbon dioxide emissions in
studies with synthetic urine in the laboratory (Clough et al., 2003) but not in others using
cattle urine in the field (Bol et al., 2004). Long-term studies of cattle and urine additions
have shown that carbon dioxide emissions from urine-amended soils do not differ from
unamended soils after 30 days (Cai et al., 2017).
In contrast to pasture soils emitting nitrous oxide and carbon dioxide into the
atmosphere, well-drained arable soil is considered to be the largest biological sink for
atmospheric methane (Hutsch, 2001). Methanotrophic soil microbes use methane as both
a carbon and energy source, removing an estimated 6% of total methane from the
atmosphere each year (Hutsch, 2001). Long-term nitrogen fertilizer application of
agricultural soils has been shown to inhibit the activity of soil methanotrophs (Mosier &
Schimel, 1991), though addition of N via livestock urine alone has been shown to
function as a net sink for atmospheric methane (Flessa et al., 1996; Tully et al., 2017) or
not to affect soil methane emissions at all (Lombardi et al., 2022). Methane management
in pasture is thus focused on maintaining soil as a methane sink rather than limiting
methane emissions to the atmosphere.
Tactics for reducing trace gas losses in pastures are focused on limiting the risk of
reactive N transformation and loss via ammonia volatilization and nitrous oxide. The
majority of total N in urine patches is excreted as urea (Whitehead et al., 1989) and can
be quickly volatilized as ammonia when combined with the urease enzyme, which is
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ubiquitous in soil. Urease and nitrification inhibitors mixed with manure/urine slurries
have been effective in limiting ammonia volatilization and nitrous oxide emissions
(Zaman & Blennerhassett, 2010), similar to inhibitors in the commercial fertilizer market.
Nitrous oxide emissions have been effectively limited by spraying nitrification inhibitors,
such as dicyandiamide (DCD), on soil after waste application (Simon et al., 2018).
However, inhibitors target soil processes and thus are not usually fed to grazing animals
themselves.
In contrast to directly targeting soil processes, animal dietary manipulations seek
to modify ruminant metabolic processes to reduce the amount of urinary N excreted.
Reducing the total amount of N excreted by ruminants has long been a production goal
by altering mineral rations or decreasing feed N (Dijkstra et al., 2013). Feeding secondary
plant metabolites has been used to decrease overall N amount excreted. Condensed
tannins, well-known plant secondary metabolites, have been shown to decrease urinary N
excretions by protecting dietary protein sources from being excreted in reactive forms
(Eckard et al., 2010). One drawback of feeding forages or supplements with condensed
tannins is that it decreases animal voluntary feed intake, resulting in lower animal
productivity (Eckard et al., 2010).
Another strategy to decrease N excretions is to improve dietary protein retention
in the animal, which is the main source of N in urine excretions. The rumen microbial
community is diverse and includes hyper-ammonia producing bacteria (HAB), a Grampositive anaerobic guild that preferentially breaks down dietary peptides, proteins, and
amino acids into ammonia. Ammonia produced by HAB in the rumen is excreted via
urine and represents a loss of productive animal potential (Harlow, Flythe, et al., 2017).
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Supplementing cattle with biochanin A (BCA) has been shown to reduce HAB activity in
the rumen (Flythe & Kagan, 2010) and the associated conversion of ruminal proteins to
ammonia, thereby improving cattle growth performance and gains (Harlow, Flythe, et al.,
2017). Whether the greater animal gains lead to a reduction in urinary N output is not
known.
BCA is an isoflavone that is a naturally produced plant secondary metabolite in
some legume species including red clover (Trifolium pratense L.) (Carlsen & Fomsgaard,
2008; Flythe & Kagan, 2010; Krizova et al., 2019). Red clover is a high-value forage for
ruminants and has a long history of being integrated into grazing systems in temperate
areas (Ball et al., 1991). In addition to potentially altering urinary N excretions, BCA
supplementation causes urinary excretions of BCA itself and its animal-transformed
breakdown products: genistein and p-ethylphenol (or 4-ethylphenol) (Batterham et al.,
1971; Carlsen & Fomsgaard, 2008; Shutt et al., 1970).
BCA has been shown to affect microorganisms in the soil, as purified BCA added
to soil was metabolized by soil microbes after 15- 20 days (Furbo et al., 2011; Ozan et
al., 1997). Compared to glucose additions to soil, BCA decreased the abundance of
Gram-negative bacteria (Ozan et al., 1997), which is similar to BCA effects in the rumen
environment. In the same study, fungal growth was shown to be inhibited during the first
10 days after BCA application and then stimulated from days 10-15, with authors
theorizing that BCA breakdown products became fungal substrates and then facilitated
delayed fungal growth (Ozan et al., 1997). Other studies have shown that BCA can act as
a deterrent to pathogenic fungal infection by inhibiting fungal mycelial growth (Bécard et
al., 1992; Weidenbörner et al., 1990; Willeke et al., 1983). Conversely, BCA has been
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shown to stimulate vesicular‐arbuscular mycorrhiza (VAM) by facilitating beneficial
nodulation with clover roots (Nair et al., 1991; Siqueira et al., 1991). No information is
available about how BCA, genistein, and p-ethylphenol in livestock urine affect soil
microbial communities or soil trace gas emissions.
Given that feeding BCA to ruminants shows promise as a strategy to improve
nutrient use and animal production efficiency, an understanding of how BCA
supplementation affects pasture trace gas emissions is warranted. This study evaluated
urine composition and trace gas responses of incubated soils to urine amendments from
Polypay lambs fed two doses of supplemental BCA: 0.45 (low) and 0.90 g (high) BCA
day-1 compared to lambs fed no BCA. Since feeding BCA to lambs may induce other
compositional changes in urine not related to BCA breakdown metabolites, we also
performed soil incubations where urine from a lamb fed no BCA was exogenously spiked
with BCA alone. We hypothesized that overall urinary N content would decrease when
lambs were fed BCA due to improved ruminal protein digestion, and that reduced urinary
N content would correlate with lower soil emissions of N-associated trace gases
(ammonia and nitrous oxide). Lastly, we expected that both Gram-positive and Gramnegative bacterial and fungal soil microbial communities would be affected by the
addition of BCA and possibly its breakdown products genistein and p-ethylphenol.
3.2
3.2.1

Materials and Methods
Lamb feeding experiment and urine collection
All animal husbandry procedures used in this study were approved by the

University of Kentucky’s Institutional Animal Care and Use Committee (IACUC). Nine
castrated and weaned Polypay lambs (wethers) that were nine months of age were
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separated into three groups of three lambs each: control receiving no supplemental BCA
(control), a low dose of 0.45 g BCA (low), and a high dose of 0.90 g BCA (high) per day.
Dosage of BCA for lambs was modified from cattle supplementation studies (Harlow,
Flythe, et al., 2017) designed to provide a similar amount of BCA in a realistic grazing
situation with a pasture composed of approximately 30% canopy cover of ‘Kenland’ red
clover (Flythe & Kagan, 2010). Feed rations followed rations previously developed for
cattle but were adjusted for sheep (Harlow, Flythe, et al., 2017), and rations were
intended to minimize lamb growth/weight gains during the study. Daily rations included
orchardgrass (Dactylis glomerata L.) pellets, balanced mineral mixture, and 20 g of cornbased dried distiller grains (DDG) to serve as carrier for purified biochanin A (5,7Dihydroxy-4'-methoxyisoflavone; Indofine, Hillsboro, NJ). A mixture of DDG and BCA
isolate was top-dressed during feeding once per day. Feed was left until completely
consumed and free choice water was available at all times.
Lambs were randomly assigned to treatment groups and housed in custom metal
metabolism crates (Sydell, Inc; Burbank) in a climate-controlled indoor facility during
the feeding study and urine collection period (Bratzler, 1951). Lambs were placed in a
completely randomized design in the study room and allowed to acclimate to crates for
seven days with all animals receiving control feed rations and free access to water.
Following the acclimation week, animals began to receive treatment diets fed daily for
seven days.
Metabolism crates facilitated the separation and collection of feces from urine
from a slotted floor design; urine was gravity-collected in an aluminum pan placed at the
end of the crate funnel and feces were separated in a slotted drawer near the back of the
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crate. Urine collection began at 0900 (two hours after daily feeding time of 0700) and the
collection period lasted until 1300. Urine from pans was poured into plastic tubs and
immediately frozen at -18° C. A refrigerated subsample was analyzed for total N and C
contents by University of Kentucky Regulatory Services via combustion with a vario
MAX CN analyzer (Elementar; Ronkonkoma, NY). Since lambs excreted variable
amounts of urine during the collection period, total urine amount excreted (g) was
multiplied urine N content (g N g urine-1) to obtain total g of urinary N excreted for
comparison. Baseline urine (urine collected prior to the treatment week) was collected on
day five of the acclimation week and treatment urine was collected on day five of the
treatment week from all lambs for use in soil incubations (nine lambs x two collection
days = 18 total urine samples).
3.2.2

Urine composition analysis
Frozen urine collected from lambs was thawed in refrigerated conditions for

approximately three days. Thawed urine was agitated by hand in containers and
approximately 20 mL was transferred by pipette into a smaller vial. Vials were agitated
by hand again and up to 1 mL was removed and mixed with a buffer solution (pH 5.0) of
0.1 M ammonium acetate and 0.1 M acetic acid. Urine was analyzed to determine the
presence of BCA, genistein and p-ethylphenol, since dosing sheep with BCA has
previously been shown to breakdown to these products in urine (Batterham et al., 1971).
The majority of urinary chemical forms of BCA, genistein, and 4-ethyphenol are present
in conjugated forms and hydrolysis is needed to convert metabolites to measurable nonconjugated or free forms (Batterham et al., 1965). To determine the proportions of urine
metabolites present in only the non-conjugated (free) form, a subset of urine samples
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from the treatment week were tested without first hydrolyzing using beta-glucuronidase.
The subset of urine samples tested were collected only from lambs receiving low and
high BCA doses on days three, five, and six of the seven-day treatment week (three low
dose animals + three high-dose animals x three collection days = 18 urine samples).
Samples were otherwise prepared and measured following the respective hydrolyzed
procedures.
BCA and Genistein
To hydrolyze conjugated forms of BCA and genistein into non-conjugated forms,
samples were treated with a solution of 20 µL beta-glucuronidase at 20 mg mL-1 and
samples were incubated for 24 hours at 37°C in an incubated benchtop orbital shaker
with constant shaking at 175 rpm (Max Q 4450, ThermoFisher Scientific; Waltham,
Massachusetts). Following incubation, 100 µL of the sample was combined with 900 mL
of initial mobile phase solution (20:80 formic acid and acetonitrile solution). Flavone was
added as an internal standard at 5 µL of 20 µg flavone mL-1 in methanol.
Analysis for BCA and genistein was performed with a Waters Acquity Ultra
Performance Liquid Chromatography (UPLC) instrument equipped with a Waters
Acquity Triple Quadrupole mass spectrometer (Waters; Milford, MA). Chromatographic
separation was obtained using a Waters Acquity UPLC BEH C18 2.1mm (diam) x 150
mm (length) x 1.7 µm (particle size) column. The mobile phase used a mixture of water
containing 0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid
(solvent B) in a linear gradient from 20% B to 80% B at a flow rate of 0.35 mL min-1 over
10 minutes per sample. The mass spectrometer was operated in positive ion electrospray
mode. Quantification of metabolites was performed using MassLynx software (v4.1) with
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a linear calibration curve and standards of 5, 10, 20, 50, 100, 200, 400, and 600 ng mL-1
with an r2 value exceeding 0.98. Specific ions monitored for BCA and genistein are
detailed in Appendix 1: Supplementary Table 3.1 with mass per charge characteristics.
P-ethylphenol
Based on test measurements and expected concentrations, urine was diluted to
measurable tolerances for analysis instrument. Dilutions for control animal urine (no
BCA dosage) were 10x, low dose animal urine (0.45 g BCA day-1) were 200x, and high
dose animal urine (0.90 g BCA day-1) was 500x. Flavone was added as an internal
standard at 20 µL of 20 µg mL-1 solution in methanol.
To hydrolyze conjugated forms of p-ethylphenol into non-conjugated forms,
samples were treated with a solution of 20 µL beta-glucuronidase at 20 mg mL-1 and
samples were incubated for 24 hours at 37°C in an incubated benchtop orbital shaker
with constant shaking at 175 rpm (Max Q 4450, ThermoFisher Scientific; Waltham,
Massachusetts).
After incubation, samples were derivatized with dansyl chloride to enable
analysis. One mL of hydrolyzed sample urine was mixed with 2 mL of 2:1 acetone water,
100 mM sodium tetraborate (pH 10.5) and 1 mL 4 mg mL-1 dansyl chloride in acetone.
Samples were incubated in a heated water bath at 63°C for 30 minutes.
Samples were cooled for 10 minutes and then extracted using Sep-Pak tC18 6 cc
vacuum cartridges (500 mg Sorbent per Cartridge, 37-55 µm; Waters; Milford, MA) and
a vacuum extraction manifold. Cartridges were activated with 5 mL of acetonitrile pulled
through with vacuum, followed by 5 mL of rinse water. After rinsing, 1 mL of water was
added to the cartridge and held while 5mL of the derivatized urine sample was poured
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into the cartridge and pulled through with vacuum. Cartridges were rinsed with 2 mL
water and then dried under vacuum pressure for 5 minutes. Collection containers were
placed under cartridges and cartridges were eluted with 1.7 mL acetonitrile.
Following collection, 100 µL of the sample was combined with 900 mL of initial
mobile phase solution (20:80 formic acid and acetonitrile solution). Analysis for pethylphenol was performed with a Waters Acquity Ultra Performance Liquid
Chromatography (UPLC) instrument equipped with a Waters Acquity Triple Quadrupole
mass spectrometer (Waters; Milford, MA). Chromatographic separation was obtained
using a Waters Acquity UPLC BEH C18 2.1mm (diam) x 150 mm (length) x 1.7 µm
(particle size) column. The mobile phase used a mixture of water containing 0.1% formic
acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B) in a linear
gradient from 10% B to 90% B at a flow rate of 0.35 mL min-1 over 10 minutes per
sample. The mass spectrometer was operated in positive ion electrospray mode.
Quantification of metabolites was performed using MassLynx software (v4.1) with a
linear calibration curve and standards of 10, 100, 250, 500, 1000, 2000, and 3000 ng mL-1
with an r2 value exceeding 0.98. Specific ions monitored for p-ethylphenol are detailed in
Appendix 1: Supplemental Table 3.1 with mass per charge characteristics.
3.2.3

Soil laboratory incubations
Soil (0- 15 cm) was collected from a tall fescue (Schedonorus arundinaceus

(Schreb.) Dumort., nom. cons.) seed breeding field at the University of Kentucky
Spindletop Farm in 2020. This field was selected because it was managed to be free of
legume species and associated plant metabolites such as BCA for the past three growing
seasons. Collected soil was classified in the Bluegrass series: Fine-silty, mixed, active,
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mesic Typic Paleudalfs (USDA-National Cooperative Soil Survey, 2010) and was
prepared by removing litter, roots, and gravel, moist-sieving to 2 mm, and air drying on
indoor lab benches for three weeks. For routine soil analysis data see Appendix 1:
Supplementary Table 3.2.
To determine soil water holding capacity, nanopure water was used to saturate
soil beyond field capacity in 18 plastic funnels lined with filter paper. Soil in funnels
were left to passively drain water for two hours and then weighed. Soil samples were
dried overnight at 105 °C and reweighed to determine the water holding capacity of 65%
at field capacity (data not shown). To minimize anoxic conditions in lab incubation
vessels and humidity for trace gas analysis, water and urine application amounts were
designed to reach 60% water holding capacity (20 mL water and five ml lamb urine).
Incubation microcosms were 0.9 L glass mason jars filled with 100 g air-dried
soil. nanopure water (20 mL) and lamb urine (5 mL; adjusted to a pH of 5.5) were
applied approximately 10 cm above the soil surface via a perforated paper cup to
facilitate the even distribution of liquid over the soil surface. Microcosm lids were sealed
immediately following water and urine application.
Microcosm lids were fitted with two one-way stainless steel check valves with
external hose barbs to facilitate sampling and return line connections for headspace trace
gas soil emissions. Check valves contained stainless steel internal ball bearings and
springs that sealed microcosms and only opened when subjected to 0.24 bar from gas
sampling and return lines and check valves were sealed with silicone to prevent leaks.
Gas in the microcosm headspace was sampled by attaching polytetrafluoroethylene
(PTFE) lines to microcosm hose barbs and analyzing gases with a Fourier transformed
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infrared (FTIR) gas analyzer (Gasmet DX4040; Gasmet Technologies Oy, Finland). The
FTIR pumped headspace gas into the internal sample cell and back into microcosms at 2
L gas min-1. The FTIR was equipped with a customized gas library from the
manufacturer to measure ppm of carbon dioxide, ammonia, nitrous oxide, and methane.
Trace gases were measured on days 1-8, 16, 23, 30, 37, 44, 51 and 60 for the lamb
feeding incubation and on days 1-8, 9, 11, and 13 for the exogenous BCA incubation
(details below). After one minute of sampling with the gas analyzer, the gas analyzer was
flushed for two minutes with ambient air to clear the sample cell from the previous
measurement. After gas measurement, microcosm lids were removed for three minutes to
allow gas exchange and the escape of a limited amount of condensation from the inside
of microcosm glass. When measurements were conducted back-to-back every 24 hours,
microcosm lids were tightened after one minute of FTIR sampling and three minutes of
uncapping for gas exchange. For weekly measurement intervals, microcosm lids were
replaced after being measured and uncapped for three minutes but lids were not sealed,
which allowed a limited amount of gas exchange without excessive soil water loss. For
weekly measurement intervals, microcosms were sealed 24 hours prior to measurement.
Water was added gravimetrically as needed daily to maintain 60% water holding capacity
throughout all incubation periods. Microcosms were arranged on the lab bench in a
completely randomized design and microcosm locations were shuffled daily across the
bench.
3.2.4

Dietary BCA Supplementation in Lambs
Urine collected from each lamb during the one-week feeding trial was applied to

soil microcosms in a 60-day incubation. Four laboratory mesocosm replications of the
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same lamb’s urine were used and lab replication emissions averaged by lamb treatment
(three lamb replications x three dose treatments x four microcosm replications = 36
microcosms).
3.2.5

Dose Responses of Exogenous BCA in Lamb Urine
An artificial dosing experiment was used to determine dose-response relationships

between urinary BCA levels and trace gas emissions from soil. Urine collected from a
single animal on the control diet (no BCA) prior to the treatment week was used to hold
other urine composition factors constant (e.g, nitrogen, carbon, pH, other dissolved
chemicals or metabolites). Nine different concentrations of BCA ranging from 0 to 450
µg BCA were added exogenously to urine collected from one lamb on the control diet
(receiving no BCA supplementation) with an additional control treatment of non-spiked
urine (Table 3.1). Five laboratory mesocosm replications of each BCA dose and nonspiked control urine were used with lab replication emissions averaged by BCA dose (10
treatment doses x five lab replications = 50 microcosms). The BCA application levels
were chosen to span measured levels of BCA measured previously in the lamb feeding
experiment (data presented in results).
Table 3.1. Selected treatments and BCA application ranges for exogenously adding BCA to lamb
urine. BCA was applied as BCA-gluc (conjugated form). BCA-gluc has a molar mass 1.6x more than
BCA (free form).
Exogenous BCA dose
treatment
1
2
3
4
5
6
7
8
9
10

Free/non-conjugated BCA applied in 5
ml urine per microcosm (µg)
0 (urine only control)
20
50
70
100
150
170
200
300
450
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Conjugated BCA applied in 5 ml
urine per microcosm (µg)
0 (urine only control)
32
81
113
161
242
274
323
484
726

Metabolite analyses from the lamb BCA feeding trial determined that 71% of
BCA detected in urine from dosed lambs was in the conjugated form, and only 29% of
the BCA was in the free/unconjugated form by comparing levels in urine hydrolyzed and
non-hydrolyzed with beta-glucuronidase (data not shown). Based on this information,
conjugated BCA from a commercial lab source (Biochanin A 7-O-β-D-glucuronide or
BCA-gluc; Synthose) was used to artificially spike the urine at nine different levels
immediately prior to application in microcosms (Table 3.1).
3.2.6

Soil microbial communities
Soil from microcosms was destructively harvested using a plastic spoon to mix a

composite sample and then removing approximately six scoops (25 g) into a plastic whirl
pack bag. Soil was immediately frozen at -80 °C and later transferred to plastic tubes and
lyophilized before phospholipid fatty acid analysis (PLFA). Soil from the feeding trial
incubation was collected at day 30 and day 60. Soil from the dose-response study was
collected at the end of the incubation on day 13. Extraction of fatty acid methyl esters
(FAMEs) from soil followed the high-throughput procedure (Buyer & Sasser, 2012), and
the methods of the Rhizosphere Laboratory at the University of Kentucky (McGrail,
2021). An Agilent 7890 GC (Agilent Technologies; Wilmington, DE) equipped with auto
sampler and flame ionization detector controlled by MIS Sherlock® (MIDI, Inc., Newark,
DE) and Agilent ChemStation software was used to measure FAME concentrations. An
Agilent 7693 Ultra 2 column (25 m long x 0.2 mm internal diameter x 0.33 μm film
thickness) with a column split ratio of 30:1 using ultra-high-purity hydrogen gas at a flow
rate of 1.2 mL min-1 was used to separate FAMEs. Oven temperatures were 190 °C,
increasing to 285 °C for 10 min (at a rate of 10 °C min-1) and then up to 310°C for 2 min at
rate of 60 °C min-1. Blanks composed of only hexane were analyzed every ten samples and a
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37-component fatty acid mixture (Supelco, Sigma Aldrich) was used to verify calibration. A
Sherlock® microbial identification system (MIDI, Newark, DE) and associated peak naming
table was used to identify FAMEs with concentrations and percentages calculated.
The identity of individual lipids present in soil samples was evaluated based on
published work for correlations between lipid signatures and microbial taxonomic groups
such as Gram-positive bacteria, Gram-negative bacteria, fungi, and arbuscular mycorrhizal
fungi (AMF) (Olsson, 1999; Zelles, 1999).

3.2.7

Statistical analyses
Statistical analyses were performed in R Studio version 4.0.5 (R Core

Development Team, 2019). Fixed factors were day of measurement (for trace gas time
series only) and BCA dose category. For the lamb feeding study, dose categories for the
BCA lamb feeding study included control = 0 g BCA day-1, low = 0.45 g day-1, and high
= 0.90 g day-1 with animal as a random factor (three animal replications per treatment
group). Urine from each lamb was applied to four soil microcosms and daily trace gas
emissions were averaged across microcosms amended with the same treatment animal’s
urine. For the exogenous BCA dose-response study, BCA levels spiked in urine were
fixed, and random effects consisted of five microcosm replications per BCA level
category. Tukey’s HSD was used to separate means if p-values were below an alpha level
of 0.05.
Trace gases
For both the BCA feeding trial incubation and the exogenous dose-response
incubation, a linear mixed-effects model with repeated measure analysis was conducted
to determine whether trace gas measurements differed by day and dose category and an
interaction between day by dose category using the lme R function in the nlme package
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(Pinheiro & Bates, 2022). The mixed-effects model was modified with an order one
autoregressive correlation covariance structure (AR1) to better compare time series
measurements (Littell et al., 2000).
When main effects or interactions were significant (p < 0.05), means from the
ANOVA of the mixed-effect model were separated with an alpha < 0.05 using the
emmeans (Lenth, 2021) and multcomp (Hothorn et al., 2008) packages using Tukey’s
HSD.
To compare the cumulative trace gas emissions by dose category over the 60-day
incubation period, the average area under the curve (AUC) per day for each dose
category was calculated using the trapezoid rule of numerical integration with the
following equation:

[½ *(# of days between ith and i+1th sampling) *
(concentration on the ith day + concentration on the i+1th day)]

Equation 3.1

AUC values were modeled with the lmer R function with the lmerTest package
(Kuznetsova et al., 2017) where dose category was a fixed factor and treatment animal
was a random factor. ANOVA p-values were corrected using the Holm method for
multiple comparisons.
Urine composition and soil and microbial communities
Metabolites and nutrients in urine (e.g., carbon, nitrogen, BCA, genistein, pethylphenol) and soil microbial groups (e.g., Gram-negative bacteria, fungi, etc.) were
compared with the lmer R function in the lme4 package (Bates et al., 2015) and the
lmerTest package (Kuznetsova et al., 2017). Analysis of variance (ANOVA) was used to
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determine significance of main effects and interactions prior to mean comparisons.
Means were separated in post-hoc testing using Tukey’s HSD at an alpha < 0.05 level
using emmeans and multcomp. Non-metric multidimensional scaling (NMDS) was used
to understand predominant trends in microbial community structures within BCA doses
or levels within each sampling day (days 30 and 60 in the BCA feeding incubation). Day
was not included in the model for the exogenous BCA incubation as soils were only
harvested once on day 13. Individual lipid concentrations were converted to relative
abundances. Microbial community relationships were assessed with PC-ORD version 7
(MjM Software, Gleneden Beach, OR). Initial investigations used the autopilot mode in
the medium setting, and final runs were completed using the Sorenson (Bray-Curtis)
distance matrix option. Comparisons between communities based on BCA dose were
performed using a multi-response permutation procedure (MRPP) within PC-ORD. The
multiple MRPP comparisons were corrected using the Benjamini-Hochberg Procedure and

a false discovery rate of 0.10 (McGrail, 2021).
3.3
3.3.1

Results
Effects of dietary BCA supplementation in lambs

Lamb urine N, C, and metabolite composition
Feeding BCA to lambs significantly increased urinary metabolite levels. Lambs
fed with the high dose (0.90 g BCA day-1) excreted significantly more urinary BCA,
genistein, and p-ethylphenol compared lambs fed no BCA (Figure 3.1). Urinary BCA
content was greater in the low than the control (no BCA) feeding dose, but levels of
genistein and p-ethylphenol were similar in both the control and low (0.45 g day-1) dose
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(Figure 3.1). Feeding BCA to lambs did not affect urinary N or C levels excreted
compared to the non-dosed control animals regardless of dose (Figure 3.1).

026

Figure 3.1. Total lamb urinary carbon and nitrogen and metabolite levels applied in 5 mL urine to
100 g of soil in laboratory microcosms when doses of 0 (control), 0.45 (low) and 0.90 g BCA day-1
(high) were fed to lambs. Different letters indicate significant differences at the alpha = 0.05 level and
bars represent standard error of the mean.

Soil trace gases
Soil trace gas emissions from lamb urine-amended soils were affected by dietary
BCA supplementation. Influence of BCA feeding dose varied by trace gas and whether
gases were assessed by daily or cumulative emissions (Table 3.2).
Table 3.2. Analysis of variance of soil trace gases emitted over a 60-day laboratory incubation with
urine from lambs fed no BCA, 0.45 (low dose) and 0.90 g BCA day-1 (high dose). Bolded p-values are
significant below the alpha = 0.05 level.
Daily trace gas emissions
Dose
Day
pDF F
value
DF
2,6 3.7 0.0882
14,423
2,6 4.3 0.0702
14,423

Dose x Day

Cumulative trace gas
emissions
Dose

Trace gas
F
p-value
DF
F
p-value
DF
F
p-value
Ammonia
91.3
<0.0001 28,423 5.1 <0.0001 2*
4.9
0.01319
Methane
185.7 <0.0001 28,423 1.5 0.0470
0.02,2
4.6
0.06154
Carbon
dioxide
2,6 0.1 0.9086
14,423 294.5 <0.0001 28,423 1.5 0.0685
2,6
0.1
0.9057
Nitrous oxide 2,6 0.6 0.5588
14,423 42.9
<0.0001 28,423 3.1 <0.0001 1,7
1.6
0.2505
*Random effect for animal was removed because mixed effects model variances of linear combinations were close to zero; linear
model with no random effect was used instead (Barr et al., 2013).
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Emissions of all trace gases were affected by measurement day over the 60-day
incubation. Daily ammonia, methane, and nitrous oxide soil emissions were affected by
the interaction between BCA dose and measurement day (p = <0.001, 0.0470, and
<0.0001 respectively; Table 3.2). Over the first seven days, ammonia volatilization was
significantly decreased by either the high or low dose (Figure 3.2). On days one through
three, soil amended with urine from lambs fed both low and high BCA doses emitted less
ammonia compared to soils amended with urine from lambs fed no BCA (control; Figure
3.2). From days four though seven, only the high dose emitted significantly less ammonia
than the control (Figure 3.2). Methane emissions from soil were lower in the high dose
compared to the control on day two, while the low dose significantly lowered methane
emissions compared to the control on day 44 (Figure 3.2). Soils amended with urine from
lambs fed the high BCA dose had lower nitrous oxide emissions than lambs fed no BCA
on days 44 and 51 (Figure 3.2). Carbon dioxide emissions were not significantly affected
by BCA dose or the interaction between dose and day (p = 0.0685; Figure 3.2). Though
not significant, carbon dioxide emissions were reduced in the low BCA dose compared to
the control only on measurement day three.
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Figure 3.2. Daily trace gas emissions from soils amended with urine from lambs fed no BCA
(control), 0.45 g day-1 (low), and 0.90 g day-1 (high) over a 60-day laboratory incubation. Asterisks
indicate significant differences between dose treatments for that measurement day at the alpha =
0.05 level and bars represent standard error of the mean.

Cumulative soil ammonia volatilization over the 60-day incubation period was
significantly lower in lambs that received the high and low BCA dose compared to the
animals fed no BCA (Figure 3.3). Cumulative soil emissions of methane, nitrous oxide,
and carbon dioxide were not significantly affected by lamb BCA dose (p = 0.06154,
0.2505, and 0.9057, respectively; Table 3.2).

Figure 3.3. Cumulative ammonia volatilization over a 60-day soil laboratory incubation grouped by
daily BCA dose fed to lambs (0, control; 0.45 g day-1, low dose; 0.90 g day-1, high dose). Different
letters indicate significant differences at the alpha = 0.05 level and bars represent standard error of
the mean.
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Soil microbial communities
Soil microbial groups assessed after 30 and 60 days showed that
arbuscular mycorrhizal fungi, Gram-positive and negative bacteria, actinobacteria, and
total microbial biomass were significantly lower on day 60 than day 30 (Table 3.3; data
not shown). Total microbial biomass declined from day 30 to day 60 (data not shown),
indicating that C and/or N likely limited microbial growth in microcosm soil. Total fungi
and protist abundances were not affected by sampling day (Table 3.3). BCA feeding dose
or the interaction between dose and measurement day did not affect the levels of any soil
microbial groups (Table 3.3). Protist abundances were slightly more abundant in the high
BCA dose compared to the low dose and control, though differences were not significant
(0.345, 0.248 and 0.280 nmol PLFA g-1, respectively; p = 0.05786; Table 3.3).
Differences in microbial community structures assessed with NMDS showed a
clear separation between the day 30 and 60 communities (data not shown); therefore,
communities from different sampling days were investigated separately. In the day 30
soil communities, lipid profiles in the low dose category appeared to be distinct from
those of the high and control doses (Figure 3.4), but results of MRPP comparisons failed
to detect significant differences across the dose treatments (p > 0.05 for all comparisons).
Table 3.3. Analysis of variance for soil microbial community groups after 30 and 60 days in a 60-day
soil incubation with urine from nine different lambs in three BCA feeding treatment groups. Bolded
p-values are significant below the alpha = 0.05 level
Microbial group
Arbuscular mycorrhiza fungi
Gram-negative bacteria
Fungi
Gram-positive bacteria
Actinobacteria
Protists
Total microbial biomass

Dose
DF
2,10
2,10
2,10
2,10
2,10
2,10
2,10

F
2.1
1.9
0.3
1.0
1.9
3.8
1.9

p-value
0.1692
0.1972
0.7277
0.4070
0.1954
0.0579
0.2064

Day
DF
1,10
1,10
1,10
1,10
1,10
1,10
1,10
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F
49.8
29.2
3.9
8.7
47.4
0.3
28.3

p-value
0.000035
0.000298
0.07519
0.01475
0.000043
0.60139
0.000300

Dose x Day
DF
F
2,10 0.8
2,10 0.8
2,10 0.2
2,10 0.1
2,10 1.2
2,10 0.3
2,10 0.5

p-value
0.4763
0.4630
0.79192
0.88459
0.3374
0.76002
0.6034

Figure 3.4. Non-metric multidimensional scaling (NMDS) of soil microbial communities from PLFA
individual lipid profiles. Soil was amended with urine from lambs fed BCA fed doses (control or no
BCA, low or 0.45 g BCA day-1, high or 0.90 g BCA day-1) in a 60-day laboratory incubation and
destructively sampled after 30 and 60 days. Biplot vectors on Day 30 and 60 indicate relationships of
r2 > 0.600 and 0.650, respectively, between lipid biomarkers and axis scores.

The MRPP comparisons showed that low and high dose soil communities were
close to being distinct (p = 0.0321), but this was not significant at the adjusted alpha
value for multiple comparisons. Lipid profiles of all treatments more strongly overlapped
in the day 60 compared to the day 30 communities, and MRPP indicated that there were
no significant differences by BCA dose on day 60 (Figure 3.4; p > 0.05 for all
comparisons).
83

3.3.2

Dose responses of exogenous BCA in lamb urine

Soil trace gases
Daily volatilization of ammonia was significantly affected (p <0.0001) by the
interaction between measurement day and BCA level with significant effects occurring
on days one and two (Table 3.4; Figure 3.5). Soil amended with urine exogenously
spiked with 450 µg BCA, the highest level, emitted zero measurable ammonia
volatilization for the first two days of the incubation (Figure 3.5). On day one, ammonia
volatilization significantly decreased beginning at the 70-µg level and all greater levels
(100, 150, 170, 200, 300, and 450 µg BCA; Figure 3.5) compared to the control (no BCA
added). Increasing the BCA level above 100 µg did not incur significant further decreases
in ammonia levels, indicating that ammonia control was maximized at the 100-µg level
on day one (Figure 3.5).
Table 3.4. Analysis of variance of soil trace gases emitted over a 13-day laboratory incubation with
urine from lambs fed no BCA but urine was spiked exogenously with nine levels of BCA. Bolded pvalues are significant effects below the alpha = 0.05 level.
Daily trace gas emissions
Dose
Trace gas
DF
F
p-value
Ammonia
9,36
3.3
0.0047
Methane
9,36
1.0
0.4685
Carbon dioxide
9,36
0.4
0.9378
Nitrous oxide
9,36
4.1
0.001

DF
9,359
9,359
9,359
9,359

Day
F
259.6
42.8
2220.0
412.0

p-value
<0.0001
<0.0001
<0.0001
<0.0001

Dose x Day
DF
F
81,359
12.1
81,359
1.6
81,359
0.1
81,359
0.9

p-value
<0.0001
0.0036
1.0000
0.6162

Cumulative trace gas
emissions
Dose
DF
F
p-value
9,36
2.6
<0.0001
9,36
0.06
0.8298
9,36
0.3
0.974
9,36
5.3
0.0004

Day two ammonia volatilization decreased beginning at the 300-µg BCA level
compared to the control (no BCA; p = 0.0009). The 450 µg BCA dose further controlled
ammonia volatilization compared to the 300-µg level (p <0.0001). Ammonia
volatilization on days 3-13 were not affected by BCA level (p values 0.9916 to 1.000;
Figure 3.5).
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Figure 3.5. Soil trace gas emissions from lamb urine exogenously spiked with different levels of BCA
over a 13-day laboratory incubation. Asterisks indicate significant BCA level effects for that
measurement day at the alpha = 0.05 level and bars represent standard error of the mean.

Daily emissions of methane were significantly affected (p = 0.0036) by the
interaction between measurement day and BCA level with effects occurring only on day
one (Table 3.4; Figure 3.5). The greatest dose of 450 µg BCA significantly decreased
methane emissions at the 0.10 significance level on day one (p = 0.0706) compared to the
100 µg BCA (not the control) and not on any other days (2-13). Increasing the dose from
20 to 450 µg BCA did not affect methane emissions on day one, either (p = 0.7955). A
main effect of BCA level was present for nitrous oxide, which showed that mean daily
nitrous oxide emissions were significantly greater (p= 0.001) in the control (no BCA)
than emissions in the highest BCA level of 450 µg throughout the duration of the
incubation (Table 3.4, Figure 3.6). No day by BCA level interactions occurred for carbon
dioxide and nitrous oxide (p = 1.000 and 0.6162, respectively; Table 3.4).

85

Figure 3.6. Mean soil nitrous oxide daily emissions averaged across 13-days of laboratory incubation
after adding urine spiked exogenously with nine BCA doses. Different letters indicate significant
differences at the alpha = 0.05 level and bars represent standard error of the mean.

Cumulative soil emissions over the 13-day incubation differed by BCA level for
ammonia (p <0.0001) and nitrous oxide (p =0.0004; Table 3.4), though effects were
mainly apparent at the very low and very high levels (Figure 3.7). Cumulative ammonia
levels were greatest in the 50 µg BCA level compared to the highest level of 450 µg BCA
(Figure 3.7). Cumulative nitrous oxide emissions were greatest in the control (no BCA
added) compared to the greatest dose of 450 µg BCA (Figure 3.7).
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Figure 3.7. Cumulative soil trace gas volatilization of A) ammonia, and emissions of B) methane, C)
carbon dioxide, and D) nitrous oxide over a 13-day laboratory with lamb urine spiked with nine
different concentrations of BCA. Different letters indicate significant differences at the alpha = 0.05
level and bars represent standard error of the mean.

Soil microbial communities
Microbial groups assessed at the end of the 13-day incubation showed that levels
of arbuscular mycorrhizal fungi, Gram-positive and negative bacteria, total fungi,
actinobacteria, protists, and total microbial biomass were not affected by BCA level
(Table 3.5). BCA dose did not significantly affect the abundances of any of the soil
microbial groups assessed (Table 3.5).
Soil microbial community lipid profiles appeared to separate roughly along axis 1
of the NMDS, which explained the majority of the variation (90%; Figure 3.8). MRPP
showed that there were no significant differences between soil microbial communities
that received different exogenous BCA doses or no exogenous BCA. Biplot vectors
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indicated that the communities were separating primarily based on lipid biomarkers for
Gram-positive bacteria/actinobacteria and Gram-negative bacteria along axis 1 (Figure
3.8). Separation along NMDS axis 2 occurred according to Gram-negative (19:0 cyclo
w7c) and general unclassified lipid biomarkers (18:0; Figure 3.8).
Table 3.5. Analysis of variance for soil microbial community groups after a 13-day soil incubation
with urine exogenously dosed with nine levels of BCA.
Microbial group
Arbuscular mycorrhiza fungi
Gram-negative bacteria
Fungi
Gram-positive bacteria
Actinobacteria
Protists
Total microbial biomass

Dose
DF
9,34.2
9,34.3
9,33.9
9,38
9,38
9,38
9,34.4

F
1.5
1.7
0.6
0.8
0.8
1.3
1.3

p-value
0.1740
0.1228
0.7702
0.6466
0.6188
0.2601
0.2640

Figure 3.8. Non-metric multidimensional scaling (NMDS) of soil microbial communities from PLFA
lipid profiles. Soil was amended with urine from one lamb spiked with different BCA levels or doses.
Legend gives µg BCA applied to 100 g soil in five ml lamb urine in a 13-day laboratory incubation
and destructively sampled after 13 days, where 0 is urine containing no BCA. Biplot vectors indicate
relationships of r2 > 0.550 between lipid biomarkers and axis scores.
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3.4

Discussion
Soils amended with urine from lambs fed BCA emitted less nitrous oxide and

methane with less ammonia volatilization than soils amended with urine from lambs fed
no BCA, supporting our primary hypothesis. However, reductions in soil trace gas
emissions did not occur according to hypothesized mechanisms (i.e., reductions in
urinary N or structural changes to soil microbial communities).
While urinary N content tended to be lower in the low and high BCA doses
compared to animals fed no BCA, these differences were not significant (Figure 3.1).
Urinary N excretion may vary widely between animals and our study likely lacked the
power (n = 3) to adequately test our hypothesis that BCA feed supplementation may
lower urinary N output. Individual urine composition has been shown to have a large
amount of temporal variation (Minson & Cowper, 1966), and it is possible that individual
animal behavior related to the frequency of urination events during the urine collection
period could have provided a limited assessment of total N excretion over the entire day.
N content was greater in urine collected for this study (mean 9 g N L-1; standard error
1.15) than in a recent study with grazing ewes (mean 5.7 g N L-1) (Marsden et al., 2020),
though this may be explained by our use of dry distiller grains, as concentrate feeds lead
to greater urinary N content (Dijkstra et al., 2013).
Urinary pH from wethers in this study ranged from 5.03-6.57 and averaged 5.50
(standard error of the mean = 0.002), which was much lower than pH from a recent study
in ewes, where urinary pH ranged from 7.7-8.6 across different seasons (Marsden et al.,
2020). It isn’t clear why urine pH was lower in urine collected for this study. Trace gas
emissions, such as that for nitrous oxide, are sensitive to soil pH (Stevens et al., 1998),
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and urinary pH may influence nitrous oxide dynamics. Urine was adjusted to pH 5.5
immediately prior to soil application, but original pH could have altered the relationship
of free to conjugated metabolites in urine, possibly affecting trace gas emissions in some
way.
It is also worth noting that the lamb feeding strategy was centered around
maintaining animal weights, not increasing their weights as in a typical production
operation. Previous evidence showed that feeding BCA to cattle improved average daily
gains on a high growth diet (Harlow, Flythe, et al., 2017). For our purposes, it was
important to minimize changes in weights among lambs in different BCA dosage
treatment groups because urine composition parameters can change based on body mass
(Hristov et al., 2019). Inclusion of more animals and more frequent and intensive
characterization of daily urine N content would be necessary to fully assess the potential
of BCA to affect urinary N excretion.
Lamb urine is a complex mixture of chemical constituents (Doak, 1952; Marsden
et al., 2020) that may alter the functioning of soil microbial communities, and it is
possible that feeding BCA altered other urinary properties besides N content and pH. For
example, hippuric acid, a component of urine that we did not measure, has been
previously shown to influence nitrous oxide emissions in some situations (Bertram et al.,
2009; Kool et al., 2006) but not in others (Krol et al., 2015). Interactive effects of
hippuric acid with ammonia, methane, and nitrous oxide fluxes are difficult to evaluate
and compare, since majority of investigations measure responses to only one trace gas
and/or metabolite combination. However, we confirmed the effect of BCA on trace gas
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emissions when urine source was held constant and BCA was added exogenously, which
suggests that BCA is the responsible urine component for lowering trace gas emissions.
Lipid profile assessments of the soil microbial communities were largely
unaffected by BCA dosing, indicating that the reductions in trace gas emissions we
observed were not driven by structural changes in the soil microbial community. Soil
communities on NMDS plots did show spatial separation on day 30 (Figure 3.4),
suggesting that sampling the soil communities closer to the time of urine application
(e.g., days 5-15) may have shown more distinct communities. Total microbial biomass
and carbon dioxide emissions did not change with BCA dosing, meaning that total
activity and respiration in soil microbial communities was not affected (Tables 3.3 and
3.5; Figures 3.2 and 3.5). Other studies have also shown that exogenous urine additives,
such dicyandiamide (DCD), reduced nitrous oxide emissions in urine-amended soils but
those trace gas effects were not accompanied by changes in the levels of soil bacterial
functional genes or the communities assessed with 16s rRNA sequencing (Morales et al.,
2015). Changes to the soil microbial community based on BCA dosing may be temporary
and difficult to assess, or effects may be minimal.
Instead of changing the soil microbial community, BCA dosing could be altering
the dynamics of key soil enzymes that regulate trace gas emissions, such as the
conversion of urea in urine to ammonia gas via urease (Rodriguez et al., 2021). Similar
changes could also occur in in nitrogen-processing pathways, as it has been shown that
abundances of bacterial nitrogen processing genes in the soil (nirS and nosZ) are
correlated with nitrous oxide emissions (Morales et al., 2010). BCA mechanisms could
function similarly to the nitrification inhibitor DCD, which inhibits ammonia enzyme
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production in ammonia oxidizing bacteria and subsequent nitrous oxide emissions (Di et
al., 2014; Luo et al., 2013). Reductions in methane emissions were not driven by changes
in soil methanotrophs detectable in PLFA evaluations. Rather, reductions in methane
emissions could be due to the effects of ammonium (NH4+) interference with an enzyme
important in methanogen metabolism, MMO (Hutsch, 2001). How urine constituents
from BCA-dosed urine affect MMO is not known. Taken together, these results indicate
that BCA dosing in urine had modest to no effect on the abundances of any of the soil
microbial organisms we measured with lipid profiles, which suggests that BCA changed
how existing soil microbial communities processed urine components in some way,
perhaps by altering enzyme production or activity.
Alternatively, sampling soils at 30 and 60 days in the feeding incubation and after
13 days in the exogenous BCA dosing study could have failed to detect structural
microbial community changes that occurred but were transient in nature. Since BCA is
known to decrease the abundance of Gram-positive bacteria in the rumen environment
(Kagan & Flythe, 2012), we expected that it may have altered communities of Grampositive and Gram-negative soil microbial communities. Our hypothesis was not
supported, but ordinations indicated that Gram-positive and Gram-negative bacteria
drove the separation that was observed (Figure 3.8), which provides some basis for
choosing other microbial community sampling methods to detect changes at higher
resolution.
An alternative to more intensively sampling soil communities would be the
selection of an indicator microbial species to monitor the response to BCA dosing, as
Flythe and Kagan (2010) selected Clostridium sticklandii (now called Acetoanaerobium
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sticklandii) to monitor the response of rumen hyper-ammonia producing bacteria (HAB)
to BCA dosing. The free (non-conjugated) form of BCA has been shown to have
antifungal properties against the plant pathogenic basidiomycetes Athelia rolfsii (causal
agent of southern blight) and Rhizoctonia solani (causal agent of damping off)
(Weidenbörner et al., 1990). Some sources show that BCA stimulates or signals plantbeneficial arbuscular mycorrhizal (AMF) infection. It is possible that some AMF species
were stimulated while others were inhibited by BCA, leading to a net balance of AMF
and fungi PLFA abundances. Further investigation would require selection of an indicator
AMF species to evaluate possible stimulation with BCA additions.
3.5

Conclusion
Our results showed that the addition of BCA to lamb urine, either by

supplemental livestock feeding or by exogenous addition, significantly decreased
greenhouse gas emissions and ammonia volatilization from soil and could serve as a
strategy to mitigate the emissions of greenhouse gases and ammonia in the agricultural
sector. BCA decreased trace gas emissions, despite not reducing urinary N output or
altering soil microbial community structures; consequently, it appears that the presence of
BCA in urine altered the function of the soil community, possibly by shifting microbial
enzyme production or activity. Further investigation into enzyme production and gene
copies of microbes involved in trace gas emissions using quantitative polymerase chain
reaction (qPCR) technology (Di et al., 2014) may reveal primary BCA mechanisms in
soil.
Feeding BCA to ruminants is preferable to applying BCA exogenously for several
reasons. Exogenous application requires urine collection, mixing, and/or chemical spray
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applications of trace gas inhibitors to pastures (Simon et al., 2018), which is not as
scalable for agricultural producers as providing supplemental livestock feeds. A
compelling reason to supplement BCA in ruminant rations is the reported improvements
in dietary protein digestion and subsequent livestock weight gains (Harlow, Flythe, et al.,
2017) and other benefits to animal health related to rumen acidosis and fiber digestion
(Harlow, Aiken, et al., 2017; Harlow et al., 2018).
Improving the efficiency of livestock production and reducing the amount of time
required for animals to reach marketable weights in pastures would decrease overall urine
depositions and associated trace gas emissions from soils (D’Aurea et al., 2021). Recent
evaluations across Brazilian beef cattle farms showed that total greenhouse gas emissions
were strongly correlated with the time required for cattle to reach marketable weights;
thus, improving diet or genetic factors liked to gains may reduce greenhouse gas
emissions (D’Aurea et al., 2021). BCA feed supplementation could help mitigate
greenhouse gas and ammonia volatilization not only by providing a useful strategy to
increase livestock production efficiency, but also by directly decreasing soil trace gas
emissions from urine deposition areas. Since ruminants already routinely consume BCA
via red clover in temperate pasture grazing systems, additional work investigating
agronomic/soil or site variables that maximize BCA production and environmental
benefits in forages or supplements (e.g., high-BCA containing local red clover varieties,
grazing and establishment guidelines for red clover/perennial grass mixed pastures, etc.)
will be necessary to provide more information for livestock producers to implement
strategies mitigating greenhouse gas emissions and ammonia volatilization from the
agricultural sector.
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CHAPTER 4. INCREASING TALL FESCUE GRASS-ENDOPHYTE SYMBIOTIC
DIVERSITY ALTERS SOIL AND VEGETATION COMMUNITY
CHARACTERISTICS
4.1

Introduction
Protecting and enhancing the capacity of temperate pasture agroecosystems to

provide forage for livestock and important ecological services such as clean water and air
is a high priority, given predicted shifts in climate patterns and alterations to plant
growing conditions and species interactions (Tubiello et al., 2007). One such strategy is
to broaden biological diversity in pasture systems, with the theory that more diverse
genetic backgrounds allow species to better tolerate and/or recover from stressful
conditions such as drought (Tracy et al., 2018). Greater levels of plant species diversity in
non-agronomically managed grasslands have been shown to produce a range of
ecological benefits that include greater aboveground net primary production (Hector et
al., 1999; Naeem et al., 1994; Tilman, 1996), resilience to disturbance (Tilman &
Downing, 1994), resistance to invasion by weedy species (Tracy & Sanderson, 2004),
and enhancement of ecosystem services such as carbon and soil nutrient storage (Furey &
Tilman, 2021).
Despite the benefits of increased plant species diversity in grasslands, integrating
greater plant species diversity in pasture agroecosystems that are intensely managed for
forage production is difficult. Plant diversity decreases in areas with regular nutrient and
fertilizer additions (Harpole et al., 2016) and frequent biomass harvests for hay or grazing
(Sanderson et al., 2004), leading to plant community simplification to two or three high-

96

yielding grass species. The challenges of establishing competing vegetation in pasture
systems suggest that efforts to increase biodiversity could be focused elsewhere besides
the plant species level.
Biological diversity in ecosystems may exist at many levels and scales. Early
investigations in linking biodiversity with productivity and resilience recognized the
importance of biological diversity in terms of trophic levels and incorporated interactions
between plant species, slugs, aphids, and other organisms (Naeem et al., 1994). Thus,
increasing diversity in pasture agroecosystems could incorporate many other aspects of
biological diversity.
One method for integrating greater biological diversity into intensely managed
pasture agroecosystems dominated by these highly competitive and productive grass
species is to increase the genetic diversity of the primary grass species. The genetic
background of individual plant species has been shown to exert considerable control over
plant characteristics and associated feedbacks into soil nutrient cycles. The ability of
species genetic resources to regulate ecological processes has been called the “extended
phenotype”, where genes of individual species extend their sphere of influence into
higher levels than that of the individual species or population level (Whitham et al.,
2003). For example, in one forestry study of riparian areas dominated by cottonwood tree
groves, genetic diversity of the individual within-species tree hybrids in the stand dictated
the quantity of condensed tannins in leaf material (Schweitzer et al., 2004). The tannin
content of leaves directly affected foliage decomposition rate and ultimately controlled
the rate of soil nitrogen mineralization for the ecosystem (Schweitzer et al., 2004),
demonstrating that genetic diversity within plant species should be considered in the
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context of harnessing different levels of biological diversity to alter ecosystem
functioning.
Broadening the genetic basis of agronomically managed grasslands could entail
the establishment of mixtures of plant cultivars, which are cultivated varieties with
distinguishing and uniform characteristics (such as morphology or maturity attributes)
that are retained over multiple generations of reproductive cycles (Sharp, 2013). This
strategy has the advantage of being easy for producers to implement in pastures when
establishing vegetation, as grass seed from different cultivars of the same species could
be mixed by hand and planted in uniform stands using nearly the same effort required to
plant a comparable stand of only one cultivar. Though the value of greater heterogeneity
in cultivar mixtures has been recognized in improving annual crop resilience to
environmental stressors (Newton et al., 2009), establishing stands containing multiple
cultivars of the same forage species is not yet a common practice in pasture
agroecosystems. The effects on pasture stand resilience, productivity, and ecological
processes of increasing the number of commercially available forage cultivars are
unknown.
Another aspect of species diversity that could be manipulated in pasture
agroecosystems is the cooperative relationships between plant species and microbial
species. Many of these associations can be highly specific, with implications for
ecosystem-level processes.
One notable mutualism that exists in grassland vegetation communities is the
association between grass species and fungal endosymbionts. An estimated 20-30% of
cool-season grass species of the Pooideae subfamily associate with fungal endosymbionts
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in mutualistic symbioses (Leuchtmann, 1993; Rudgers et al., 2004). Symbiotic
relationships between individual grass species and fungal strains are highly specific (Clay
& Schardl, 2002). Much like plant genotypes, endophyte-grass associations exhibit
extended phenotypes capable of driving ecological processes, such as alteration of
vegetation community parameters (Rudgers et al., 2010) and production of unique
chemical profiles that affect herbivory (Bush et al., 1997). As such, variation in
endophyte strains and their characteristics represent an understudied opportunity to
increase biological diversity within pasture agroecosystems.
An important example of an agronomically-managed pasture grass species
infected with a symbiotic endophyte is tall fescue (Schedonorus arundinaceus (Schreb.)
Dumort., nom. cons.), the most widespread and productive grass species in the Eastern
United States (Stuedemann & Hoveland, 1988). Tall fescue is a cool-season perennial
grass known for its ability to withstand heavy grazing and hot and dry growing conditions
(Ball et al., 1991). Tall fescue survives these conditions because it maintains a symbiotic
relationship with its fungal endosymbiont, Epichloe coenophiala (Bacon, 1995). Epichloe
coenophiala receives a hospitable living environment within the grass and a means for
reproduction by infecting fescue seed (Clay & Schardl, 2002). In return, E. coenophiala
improves tall fescue’s tolerance to environmental stressors such as drought (Arachevaleta
et al., 1989; Elmi & West, 1995). In addition, E. coenophiala produces a suite of
chemical compounds that deter insect and mammalian herbivory, protecting fescue from
overgrazing (Bacon, 1995). Though grass-fungal symbioses are relatively common in the
Pooidae grass tribe, the relationship between tall fescue and E. coenophiala is unique due
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to its large geographic extent and significant effects on domestic livestock in pasture
agroecosystems.
Kentucky 31 (KY 31) was the first tall fescue cultivar available in the US (Ball et
al., 1991) and is still the most abundant cultivar occurring in the US (Young et al., 2014).
An estimated 70-80% of tall fescue stands in the US are infected with a strain of E.
coenophiala that causes adverse animal health effects on grazing livestock (Spyreas et al.,
2001). This strain was naturally associated with the KY 31 cultivar and is known as the
“common toxic” (common toxic endophyte; CTE+) strain (Bacon, 1995). Livestock
consuming KY 31 forage infected with CTE+ experience a spectrum of negative animal
health conditions such as reduced circulation, elevated body temperature, poor
reproductive performance, and other adverse symptoms referred to collectively as fescue
toxicosis (Klotz, 2015; Strickland et al., 2011). Fescue toxicosis is responsible for
immense economic losses in the Eastern US and is most pronounced in cattle grazing
fresh forage containing ergot alkaloids produced by the CTE+ E. coenophiala strain (Ball
et al., 1991). In addition to ergot alkaloids, CTE+ produces peramine and a suite of loline
alkaloids that deter insect herbivory (Bush et al., 1997).
Efforts to mitigate the negative effects of tall fescue alkaloid consumption by
livestock led to the sale of endophyte-free (E-) fescue seed; however, producers quickly
discovered that the absence of the endophyte decreased stand productivity and
persistence within 3-5 years (Gunter & Beck, 2004). In an attempt to limit negative
animal health effects while maintaining stand persistence and productivity under the
challenging conditions of heavy grazing and heat and drought, additional strains of E.
coenophiala that naturally co-occurred with tall fescue in other regions were identified
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and inserted into KY 31 and other elite fescue cultivars (Young et al., 2013). These
alternative strains to the CTE+ strain are referred to as “novel” strains and were selected
because they contribute to increased fescue stress tolerance and produce alkaloids that
deter insect herbivory, but they do not produce mammal-toxic alkaloids (Bouton, 2009).
New cultivar and endophyte combinations are “symbiotically modified organisms”
(Gundel et al., 2013) that have been made available on the commercial seed market for
over a decade.
Comparisons among individual fescue-endophyte plant cultivar and endophyte
strain associations show that endophyte identity influences above and below-ground
parameters that contribute to the provisioning of ecosystem services. Plant species
richness was lower in tall fescue stands infected with CTE+ compared to that of AR542+,
a novel endophyte marketed commercially as Max Q (Rudgers et al., 2010). Endophyte
strain identity altered annual fescue tiller production (Bourguignon et al., 2015). Each
endophyte strain produces different alkaloid profiles that may influence herbivory by
non-livestock mammals such as voles, where vole herbivory has been shown to alter
endophyte stand infection levels over time (Clay et al., 2005). Fungal alkaloids have also
been implicated in decreasing the rate of litter decomposition (Lemons et al., 2005;
Siegrist et al., 2010), though previous work has only compared litter derived from CTE+infected and E- plants.
Endophyte strain altered a number of properties that affect soil nutrient and
carbon storage such as root exudate quality (Guo et al., 2015; Guo et al., 2016), ability of
tall fescue to utilize N derived from legumes (Slaughter et al., 2016), and trace gas fluxes
from the soil to the atmosphere (Iqbal et al., 2013). Iqbal et al. (2013) evaluated trace gas
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fluxes among different endophyte strains when fescue cultivar was held constant. Stands
of E- fescue were compared with stands infected with either of three endophyte strains
(CTE+, AR542+ (novel), or AR584+ (novel)) or a mix of all four treatments (E-, CTE+,
AR542+ AR584+). Carbon dioxide and nitrous oxide emissions differed between the two
novel endophyte strains and were significantly greater in stands with the AR542+ novel
strain compared to stands infected with the AR584+ novel strain, though stands of the
mixture did not differ from that of AR584E+ strains. Variability in trace gas fluxes from
soil indicates that endophyte strain identity influences functional air quality outputs from
fescue agroecosystems.
Differences in trace gas emissions from endophyte strains could be related to
endophyte effects on soil activity, as earlier work has shown that soil microbial
community structure and activity have been affected by endophyte infection status. Some
studies report that soil microbial respiration increased with endophyte infection
(Franzluebbers & Hill, 2005; Van Hecke et al., 2005). Studies comparing total microbial
biomass between E- and E+ stands have shown mixed trends of either greater biomass in
E+ stands (Handayani et al., 2011; Iqbal et al., 2012) or lower biomass in E+ stands
(Franzluebbers & Hill, 2005; Franzluebbers & Stuedemann, 2005) compared to adjacent
E- stands. Examination of soil microbial lipid profiles has shown some decreases in
fungal biomarkers in soils in E+ stands (Iqbal et al., 2012), though other studies have not
found linkages with soil fungal communities and endophyte infection status (Buyer et al.,
2011). The effects of specific endophyte-strains (novel or CTE+) on soil microbial
communities have not been explored.
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There is evidence of more consistent correlations between endophyte infection
and soil carbon accumulation and storage than for predictable changes in soil microbial
community structure. There is great interest in increasing the amount of atmospheric
carbon sequestration in grasslands (Conant et al., 2017), which can be modified by
biological diversity and endophyte infection status in pasture agroecosystems. Greater
levels of plant species diversity in non-agronomically managed temperate grasslands has
been shown to support higher levels of soil carbon accrual compared to less-diverse plant
communities over a 12-year period (Fornara & Tilman, 2008). Endophyte presence in
stands contributes to greater soil carbon levels compared to adjacent E- pastures
(Franzluebbers et al., 2012; Iqbal et al., 2012), though that is not always the case in bulk
soil (Handayani et al., 2011). However, no studies have evaluated the effects of including
multiple endophyte strains on soil carbon levels over time.
It is clear that the symbiotic identity of tall fescue (cultivar and endophyte strain)
is capable of influencing ecological processes in pasture agroecosystems. The majority of
investigations have not yet evaluated the effects of greater levels of symbiotic diversity in
tall fescue pastures on agroecosystem processes and forage productivity and resilience.
Since there are now a number of tall fescue cultivar/novel endophyte groupings available
in commercial seed markets, it is possible to investigate whether increases in overall
symbiotic diversity delivers greater levels of ecological functioning that support plant,
soil, and air sustainability. This project evaluated the effects of establishing grass
communities with seven increasing levels of tall fescue and E. coenophiala symbiotic
diversity on plant (biomass production, vegetative community composition and diversity,
alkaloid concentrations) and soil (bulk density, soil nutrients, soil carbon and nitrogen,
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atmospheric trace gas emissions, microbial communities) parameters after five years of
consistent management similar to that of a cash hay crop. We hypothesized that greater
symbiotic diversity would improve tall fescue forage production and fescue stand
persistence, and that aboveground benefits would be accompanied by greater
belowground storage of carbon and greater nutrient availability. We also expect
symbiotic diversity levels to drive differences in soil microbial community structures and
functions. We expect soil trace gas emissions to be lower in symbiotically diverse stands,
since previous work has shown that E+ plant litter decomposes more slowly in soil,
which could limit overall soil respiration and/or soil microbial activity.
4.2
4.2.1

Materials and Methods
Study location, establishment, and maintenance
Study plots were located at University of Kentucky’s Spindletop Farm Research

and Education Center in Lexington, KY (38°08'03" N, 84°29'56" W). Soil at the site was
classified as a Maury-Bluegrass complex series (fine to fine-silty, mixed, active, mesic
Typic Paleudalfs) (USDA-National Cooperative Soil Survey, 2010) on a 1% slope. From
1990 – 2020, Lexington mean annual air temperature was 13.5° C and mean annual
precipitation was 126.5 cm (NOAA, 2010). Daily precipitation totals and air and soil
temperatures for 2021 are presented in Appendix 1: Supplemental Figure 4.1).
The study field previously supported Roundup® Ready alfalfa hay/grazing
production from 2009-2015 until seedbed preparation with herbicide and tillage occurred
in September 2016 (Bagherzadeh, 2018). Plot sizes were 8m x 8m with 1m alleys
between plots (Figure 4.1). Plots were seeded in late September 2016 via aerial
broadcasting followed by cultipacking and received two sprinkler irrigation events in
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October to improve stand establishment (Bagherzadeh, 2018). Tall fescue stands were
mowed to a height of 10 cm twice per year from 2017-2021 in the spring (May/June prior
to seed set) and fall (Sept/Oct). Mowed plant material was removed from plots to
simulate hay production regimes. Plots were fertilized with urea (46-0-0) once per year in
the fall, broadcasted at a rate of 67.25 kg N ha-1.

Figure 4.1. Randomized complete block design of the symbiotic diversity study composed of five
replications of 16 tall fescue/E. coenophiala entries (80 plots). Plot sizes were 8 m x 8 m with a 1 m
alley between plots.

Seed from four tall fescue cultivars (KY 31, Jesup, Bar Optima, and Texoma)
harboring four unique E. coenophiala strains (hereafter referred to as entries) was
obtained from commercial sources and forage breeders, with endophyte-free KY 31 seed
serving as a non-infected control (Table 4.1). Seed from each entry was planted in a pure
stand and in mixtures of two, three, and four cultivars with a total of 16 different
combinations (Table 4.2). Seed amounts from each entry were adjusted proportionally
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according to the number of cultivars in each combination for a final seeding rate of 28.02
kg ha-1 pure live seed (Table 4.2).
Table 4.1. Tall fescue cultivars, associated E. coenophiala strains, and seed sources.

Tall fescue cultivar

E. coenophiala strain

KY 31

common toxic (CTE)

Jesup
Bar Optima
Texoma

NE542
NE34
NE584

Seed source
Dr. Tim Phillips, University of KY (E+)
Dr. Mike Trammell, Noble Foundation
(E-)
Pennington Seed®
Barenbrug USA®
Dr. Mike Trammell, Noble Foundation

Table 4.2. Plot-level seeding combinations of tall fescue cultivars and associated endophytes where (-)
indicates the absence of E. coenophiala and (+) indicates infection with a strain of E. coenophiala.
Seed endophyte infection frequency (EIF) is the percentage of seeds tested that harbored E.
coenophiala as tested in 2017. The seeding rate proportion is the percentage each entry comprised in
a total tall fescue seeding rate of 28.02 kg ha-1.

Tall fescue/endophyte
Combination composition
1
KY 312
KY 31+
3
Jesup
4
BarOptima
5
Texoma
6
KY 31+/Texoma
7
KY 31+/BarOptima
8
KY 31+/Jesup
9
Texoma/BarOptima
10
Texoma/Jesup
11
BarOptima/Jesup
12
KY 31+/Texoma/BarOptima
13
KY 31+/Texoma/Jesup
14
KY 31+/BarOptima/Jesup
15
Texoma/BarOptima/Jesup
16
KY 31+/Texoma/BarOptima/Jesup

4.2.2

seed EIF (%)
0
99
83
75
93
94
80
79
91
90
77
91
91
82
81
83

Seeding rate proportion
(%)
100

50/50

33/33/33
25/25/25/25

Verification of seed endophyte infection and stand endophyte infection
Prior to planting in 2016, 30 randomly selected seeds from each of the 16 entry

combinations were sent to collaborator Dr. Carolyn Young to verify endophyte strain
identity, presence, and to determine projected plot-level endophyte infection frequency
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(EIF). The testing procedure involved the use of a high-throughput PCR-based marker
system capable of determining 1) presence or absence of any endophyte infection and 2)
the strain present if the seed was infected (Takach et al., 2012; Takach & Young, 2014;
Young et al., 2014). The results of seed testing indicated that each entry, except for KY
31 E-, contained high levels of endophyte infection and that entry combinations all
contained endophyte infection frequencies above 75% (Table 4.2).
Tillers from the newly established tall fescue stands were sampled in May 2017 to
verify endophyte infection levels. Prior to biomass sampling and mowing in the summer,
50 vegetative tillers were randomly selected in each plot (50 tillers x 16 combinations x 5
replications = 4,000 tillers) and were cut with a razor blade near the surface of the soil
and immediately refrigerated. Tillers were analyzed in a similar procedure as seed.
Unfortunately, tall fescue tillers collected in 2017 revealed that the NE584+ E.
coenophiala fungal endophyte strain in the Texoma entry was not present (data not
shown). The failure of the Texoma NE584 endophyte to survive in the resulting plant
stand could be attributed to endophyte mortality during seed storage or shipping, since
excessive heat and humidity are common causes of endophyte mortality that does not
affect seed germination (Hill & Roach, 2009). Therefore, Texoma became an additional
endophyte free (E-) cultivar added to treatment combinations. Treatment combinations
were classified into seven categories based on the number of unique tall fescue cultivars
and endophytes present in each stand and the total proportion of the stand in each plot
combination that was infected with E. coenophiala (Table 4.3) with the following
equation:
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Equation 4.1.

Symbiotic diversity level = (C + E) x P

Where C is the number of unique cultivars, E is the number of unique and viable E.
coenophiala strains, and P is the proportion of the seeded plot mix that contained a viable
endophyte of any strain (Table 4.3). The seven symbiotic diversity levels included the
following characteristics: level 0: one cultivar and no associated endophyte, 1.5: two
cultivars and one endophyte strain, 2.0: one cultivar and one endophyte strain, 3.3: three
cultivars and two endophyte strains, 4.0: two cultivars and two endophyte strains, 5.3:
four cultivars and three endophyte strains, 6.0: three cultivars and three endophyte
strains.
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Table 4.3. Treatment combinations and resulting symbiotic diversity levels, with (-) indicating no
viable endophyte in the plant cultivar and (+) indicating endophyte presence in that cultivar. Total
cultivar and endophyte diversity (D) was calculated by summing the number of unique tall fescue
cultivars and endophyte strains present in each tall fescue endophyte plot combination. The
proportion of E+ seed represents the percentage of the seeds planted in plots that contained a viable
endophyte (P). Symbiotic diversity levels were calculated by multiplying D and P. Number of total
plots include five replications of each tall fescue endophyte combination for a total of 80 plots in the
study.

No.
plots

No.
cultivars

No.
endophytes

Total
cultivar and
endophyte
diversity
(D)

KY 31-

5

1

0

1

0

Texoma-

5

1

0

1

0

Texoma-/KY 31+

5

2

1

3

0.50

Texoma-/BarOptima+

5

2

1

3

0.50

Texoma-/Jesup+

5

2

1

3

0.50

KY 31+

5

1

1

2

1.00

Jesup+

5

1

1

2

1.00

BarOptima+

5

1

1

2

1.00

KY 31+/Texoma-/BarOptima+

5

3

2

5

0.67

KY 31+/Texoma-/Jesup+

5

3

2

5

0.67

Texoma-/BarOptima+/Jesup+

5

3

2

5

0.67

KY 31+/BarOptima+

5

2

2

4

1.00

KY 31+/Jesup+

5

2

2

4

1.00

BarOptima+/Jesup+

5

2

2

4

1.00

KY 31+/Texoma-/BarOptima+/Jesup+

5

4

3

7

KY 31+/BarOptima+/Jesup+

5

3

3

6

Tall fescue endophyte combinations

4.2.3

Targeted
proportion
of E+ seed
in stand
(P)

Symbiotic
diversity
level
(D x P)

No.
total
plots

0

10

1.50

15

2.00

15

3.33

15

4.00

15

0.75

5.25

5

1.00

6.00

5

Plant assessments

Biomass and vegetative composition
Plot biomass samples were collected in spring (June) and fall (October) of 2021
immediately prior to mowing the remainder of plots. Biomass production and vegetative
composition was estimated by clipping two 0.5 m x 0.5 m quadrats down to 7 cm above
the soil surface in random locations within each plot. After clipping, different plant
species were sorted by hand and placed in paper bags. Bags were dried at 55 °C in a
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forced-air oven for three days and weighed. Harvested masses were used to determine
total plot biomass and tall fescue biomass production.
Species richness (the number of individual species clipped from each plot) was
used to calculate the Shannon Diversity Index (H’) of each plot using the following
equation:

Equation 4.2.

H’ = -Σpi * ln(pi)

where pi is the proportion of species i that made up the total clipped and dried biomass of
each plot and values are bounded between zero and one (Shannon, 1948). Larger H’
values indicate more diverse vegetation communities, and a community composed of
only one species has a Shannon Diversity Index of zero.
Tall fescue alkaloids
Whole-plot alkaloid profiles were measured by sampling tall fescue tillers in each
plot in June and October 2021. Prior to summer and fall biomass sampling, 50 randomly
selected vegetative tillers in each plot were cut and collected to determine EIF. Once the
EIF blotting procedure was complete, remaining tillers were dried in a paper bag
according to methods previously described for biomass sampling, lyophilized, and
ground using a ball mill. Dr. Huihua Ji analyzed plant material at the Kentucky Tobacco
Research and Development Center at the University of Kentucky for the concentrations
of lolines, peramine, and ergot alkaloids. Ergot alkaloids, ergovaline, and ergovalinine
concentrations were determined by high performance liquid chromatography (HPLC)
according to the methods of Yates and Powell (1988). Quantification of lolines (N-
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acetylnorloline [NANL], N- formyloline [NFL], and N- acetylloline [NAL]) was
performed using gas chromatography (GC) according to Blankenship et al. (2001), and
peramine was extracted following the procedure described in Tapper et al. (1989) using
colorimetric analysis. A full description of alkaloid chemical analysis procedures are
detailed in Bagherzadeh (2018).
4.2.4

Soil assessments

Soil bulk density and nutrients
Soil bulk density (mass of soil per unit volume of soil) was calculated from soil
cores collected in February 2021 from the 0-10, 10-20, and 20-30 cm depth intervals at
two locations in each plot (2 soil subsamples x 80 plots x 3 depth intervals = 480
individual cores) using an all-terrain vehicle (ATV) equipped with a Giddings hydraulic
soil probe (Giddings Machine Company; Windsor, CO). The probe inside diameter was
6.1 cm with a total volume for each depth increment of 292.25 cm-3. Individual soil cores
were placed in sealed plastic bags after collection and weighed, then refrigerated until
hand sieved to 4.75 mm and removal of plant roots and surface litter. A small subsample
(approximately 10 g) of freshly sieved soil was dried in an oven at 105°C for 48 hours
and reweighed to determine soil gravimetric water content. The remaining sieved soil
was placed back in an unsealed plastic bag and allowed to air dry for four weeks. Once
dry, a portion of soil was sent to the University of Kentucky’s Regulatory Services for
routine soil test analysis with the Mehlich III extraction procedure (Soil and Plant
Analysis Council, 2000). Routine analysis included indices of available phosphorus,
potassium, calcium, sodium, magnesium, and zinc, as well as soil pH, particle size
analysis, and cation exchange capacity. Analysis was also conducted for base cation (K,
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Ca, Mg, Na) saturation and exchangeable base cation percentages. Plot values for soil
bulk density and routine soil analysis parameters were calculated from mean values from
two subsamples per depth collected from each plot.
Soil carbon and nitrogen
To determine total carbon and nitrogen in each depth interval sampled (0-10, 1020, and 20-30 cm), a small amount of air-dried soil from bulk density cores was finely
ground to a powdery consistency using a ball mill then analyzed for total C and N using a
Flash Elemental Analyzer 1112 (Thermo Fisher Scientific Inc.; Waltham, MA).
Soil carbon and nitrogen were further fractionated into two distinct pools,
particulate organic matter (POM) and non-particulate matter (n-POM fractions). POM
from air-dried soil collected from cores was determined according to the methods of
Iqbal et al. (2012) and Paul et al. (2001). To disperse soil, 90 mL of 5% sodium
hexametaphosphate solution added to 30 g of soil and shaken for 18 hours. After shaking,
soil solution was poured through a 53 µm sieve into a bucket and rinsed with 2 L of
nanopure water. Soil retained on the sieve was classified as POM-C and POM-N, and the
materials suspended in the bucket were classified as non-particulate matter (n-POM C
and n-POM N are mineral-associated C and N). POM was rinsed with nanopure water
into an aluminum tin and weighed after drying at 105° C in a forced-air oven until the
evaporation of all visible water (approximately 5-10 minutes). After weighing, dry POM
was scraped from tins into scintillation vials and ground with a small ball mill and
analyzed for total N and C (POM N and POM C). To determine n-POM C and n-POM N,
a subsample of 130 mL was collected in a Nalgene bottle after agitating the bucket
solution. The solution was lyophilized and then ground with a small ball mill prior to
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analysis in the Flash Elemental Analyzer 1112. Final plot values for each of the C and N
parameters were the mean of the two subsamples per depth collected from each plot.
Trace gas emissions
Trace gas emissions of carbon dioxide, nitrous oxide, methane, and ammonia
volatilization were measured twice per month between 8:00 to 16:00 throughout the
growing season in 2021 (April- October for a total of 14 measurement times). Plots were
sampled over a two-day period from static closed chambers. A polyvinyl chloride (PVC)
collar (10 cm diameter and 10 cm height) was inserted eight centimeters into the soil in a
random location in each plot (avoiding plant bases) in March 2021. Prior to trace gas
measurements, any vegetation growing inside the collars was clipped at the soil surface
and removed.
A 15 cm PVC chamber (10 cm inside diameter) sealed at the top and milled at the
bottom to fit into and seal with the collar inserted in the soil formed the trace gas
sampling chamber. To prevent trace gas reactions with PVC material, the sampling
chamber was lined with non-reactive polytetrafluoroethylene (PTFE). Two PTFE hoses
that functioned as the sample and return lines were connected to openings in the top of
the chamber and sealed using stainless steel fittings and silicone O-rings. Trace gases in
the sampling chamber were analyzed gases with a Fourier transformed infrared (FTIR)
DX4040 gas analyzer (Gasmet Technologies Oy, Helsinki, Finland). The FTIR pumped
gases into the internal sample cell and back into the chamber at 2 L gas min-1. The FTIR
was equipped with a standard agronomic gas library from the manufacturer to measure
ppm of carbon dioxide, ammonia, nitrous oxide, and methane. During humid field
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conditions, an additional in-line desiccant trap filled with calcium sulfate was used to
decrease FTIR sample cell water vapor.
The trace gas sampling procedure consisted of six minutes of continuous
sampling with gas ppm concentrations measured at one-minute intervals by the FTIR.
After each measurement, the sample cell was flushed with ambient air for two minutes to
clear the sample cell from the previous measurement. The first minute of measurement
was discarded as it contained ambient air from flushing. Linear slope over the fiveminute sampling period (ppm gas/minute of measurement) was used to calculate flux (gas
emission over time) according to:

trace gas flux (mg m-2 hr-1) = m x V m3/A m2 x 𝛼𝛼 x 60 min hr-1

Equation 4.3

where m is the slope, V is the volume of the sampling chamber, A is the area the
sampling chamber covers on the soil surface, and alpha is a factor that allows trace gases
to be converted from a volume to mass basis based on the ideal gas law and the study site
elevation (which was a constant for all measurements 0.965 atm) (Parkin & Venterea,
2010).
During trace gas measurement, soil temperature and moisture were measured at
three locations near the PVC collar and mean values recorded. A digital soil thermometer
was inserted two cm into the soil. Volumetric soil moisture was determined using a time
domain reflectometry (TDR) probe inserted to a 6 cm depth (ML3 ThetaProbe; Delta-T
Devices, Cambridge, UK).
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Soil microbial communities
Soil microbial communities were assessed seasonally in April (Spring), July
(Summer), October (Fall) of 2021 and in January (Winter) 2022. Soil samples were
collected from three random locations within the plot and composited. Soil was collected
from the 0-5 cm depth using a 1.5 cm inside diameter soil probe. Samples were put on ice
immediately until storage at -80°C until lyophilization and stored at -80°C until lipid
analysis.
Extraction of PLFA biomarkers from soil followed the high-throughput procedure
(Buyer & Sasser, 2012), and the methods of the Rhizosphere Laboratory at the University
of Kentucky (McGrail, 2021). An Agilent 7890 GC (Agilent Technologies; Wilmington,
DE) equipped with auto sampler and flame ionization detector controlled by MIS
Sherlock® (MIDI, Inc., Newark, DE) and Agilent ChemStation software was used to
measure PLFA biomarker concentrations. An Agilent 7693 Ultra 2 column (25 m long x
0.2 mm internal diameter x 0.33 μm film thickness) with a column split ratio of 30:1
using ultra-high-purity hydrogen gas at a flow rate of 1.2 mL min-1 was used to separate
PLFA biomarkers. Oven temperatures were 190 °C, increasing to 285 °C for 10 min (at a
rate of 10 °C min-1) and then up to 310° C for 2 min at rate of 60 °C min-1. Blanks
composed of only hexane were analyzed every ten samples and a 37-component fatty
acid mixture (Supelco, Sigma Aldrich) was used to verify calibration. A Sherlock®
microbial identification system (MIDI, Newark, DE) and associated peak naming table
was used to identify PLFA biomarkers with concentrations and percentages calculated.
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4.2.5

Statistical analyses
Statistical analyses were performed in R Studio version 4.0.5 (R Core

Development Team, 2019) and SAS version 9.4 (Statistical Analysis Systems; Cary,
NC). Fixed factors were symbiotic diversity level 0, 1.5, 2.0, 3.3, 4.0, 5.3, and 6.0; Table
3), with block as a random factor. Day of measurement (for trace gas time series only),
and season of measurement (Spring or Fall for plant indices and alkaloid profiles only)
were included as fixed factors in their respective models. Models were treated as
unbalanced designs due to an unequal number of plots for each symbiotic diversity level
(Table 4.3). To account for different variances among symbiotic diversity levels,
denominator degrees of freedom in ANOVA models were adjusted using Satterthwaite’s
approximation. Tukey’s HSD was used to separate means if p-values were below an
alpha level of 0.05. If Tukey’s HSD failed to separate means, Fisher’s Least Significant
Difference (LSD) was used. Block random effects were removed from models if mixed
effects model variances of linear combinations were close to zero and a linear model with
no random effect was used instead (Barr et al., 2013). Linear regressions across symbiotic
diversity levels and soil and plant response parameters were fitted with the lm function
and evaluated with Pearson correlations at the 0.05 significance level. Where spring and
fall regressions for plant parameters were both significant, regressions were conducted on
the seasonal means. Where only one season was significant, only that relationship was
presented.
Soil and plant parameters and soil microbial communities
Soil (except trace gases) and plant parameters and soil microbial groups (e.g.,
Gram-negative bacteria, fungi, etc.) were compared with the lmer R function in the lme4
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package (Bates et al., 2015) and the lmerTest package (Kuznetsova et al., 2017). Plant
biomass and alkaloid profiles were modeled with symbiotic diversity level and season
(summer and fall harvests) as main effects and the interaction between symbiotic
diversity level and season. Soil microbial lipid profiles assigned to microbial groups (e.g.,
Gram-positive, Gram-negative) were modeled with symbiotic diversity level and season
(spring, summer, fall, and winter collections) as main effects and the interaction between
symbiotic diversity level and season. Means were separated using Tukey’s HSD at an
alpha < 0.05 level using emmeans and multcomp. Where means could not be separated
using Tukey adjustments, Fisher’s Protected Least Significant Difference (LSD) was
used within the emmeans package. Non-metric multidimensional scaling (NMDS) was
used to understand predominant trends in seasonal and symbiotic diversity level
microbial community structures with PC-ORD version 7 (MjM Software, Gleneden
Beach, OR). Individual lipid concentrations were converted to relative abundances. Initial
investigations used the autopilot mode in the medium setting, and final runs were
completed using the Sorenson (Bray-Curtis) distance matrix option. Comparisons
between communities based on season and symbiotic diversity level were performed
using a multi-response permutation procedure (MRPP) within PC-ORD. The multiple
MRPP comparisons were corrected using the Benjamini-Hochberg Procedure and a false
discovery rate of 0.10 (McGrail, 2021). Linear regressions across symbiotic diversity
levels and soil and plant response parameters were fitted with the lm function and
evaluated with Pearson correlations at the 0.05 significance level.
Trace gas emissions
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A linear mixed-effects model with repeated measure analysis was conducted to
determine whether trace gas measurements differed by day and symbiotic diversity level
and an interaction between day and symbiotic diversity level using PROC MIXED in
SAS. The mixed-effects model was modified with an order one autoregressive correlation
covariance structure (AR1) to better compare time series measurements (Littell et al.,
2000) with a Satterthwaite adjustment and compared with an lsmeans statement.
To compare the cumulative trace gas emissions by symbiotic diversity level over
the 2021 growing season, the average area under the curve (AUC) per day for each
symbiotic diversity level was calculated using the trapezoid rule of numerical integration
with the following equation:

[½ x (# of days between ith and i+1th sampling) x
(concentration on the ith day + concentration on the i+1th day)]

Equation 4.4

AUC values were modeled in R with the lmer R function with the lmerTest
package (Kuznetsova et al., 2017) where symbiotic diversity level was a fixed factor and
replicated block was a random factor. Analysis of variance p-values were corrected using
the Holm method for multiple comparisons.
4.3
4.3.1

Results
Vegetation productivity, diversity, and alkaloid content
The total amount of biomass produced in 2021 and fescue biomass were not

significantly affected by season of harvest (fall or spring), symbiotic diversity level, or
the interaction between season and symbiotic diversity level (Table 4.4). However, stands
of higher symbiotic diversity tended to produce a larger proportion of their total annual
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biomass in the fall than the spring compared to lower diversity levels (Figure 4.2A), and
further investigation of fall fescue biomass production using a linear regression showed
that means of fall-produced fescue biomass were significantly and positively correlated
with greater symbiotic diversity level (Figure 4.2B).
Plant species richness was greater in fall than in spring (2.34 and 1.97 species per
plot), but Shannon Diversity Index was not significantly affected by season (Table 4.4).
Both species richness and Shannon Diversity Index were affected by symbiotic diversity
level (Table 4.4). Linear regressions indicated that mean seasonal species richness and
mean seasonal Shannon Index significantly decreased as symbiotic diversity increased
(Figure 4.2C and D).
Table 4.4. Biomass productivity and species vegetation diversity over spring and fall 2021. Bolded pvalues are significant below the alpha = 0.05 level.
Season
Vegetation parameter

Symbiotic diversity level

Season x Symbiotic diversity level

df

F

P

df

F

P

df

F

P

Fescue biomass production

1,142

1.39

0.2409

6,142

0.34

0.9138

6,142

0.35

0.9096

Total biomass production

1,142

0.01

0.9304

6,142

0.66

0.6821

6,142

0.66

0.6821

Species richness

1,142

7.11

0.0086

6,142

2.61

0.0196

6,142

2.03

0.0655

Shannon Diversity Index

1,142

0.70

0.4051

6,142

2.52

0.0239

6,142

1.10

0.3627
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Figure 4.2. A) Tall fescue seasonal biomass with seven levels of symbiotic diversity. Regressions
examining the relationship between symbiotic diversity levels and (B) fall tall fescue biomass
production, (C) seasonal (fall and spring) means of plant species richness (S), and (D) seasonal (fall
and spring) means of Shannon Diversity Index (H’) for vegetative species. Bars represent standard
error of the mean and B-D shading denotes 95% confidence interval.

Season of harvest strongly affected tall fescue alkaloid concentrations (Table 4.5).
When averaged across symbiotic diversity levels, ergovaline, ergovalinine, total ergots,
and peramine concentrations were significantly greater in the fall than the spring;
whereas NAL, NANL, NFL, and total loline concentrations were significantly greater in
the spring compared to the fall (Figure 4.3). When averaged across seasons, NANL and
peramine concentrations were significantly lower in symbiotic diversity level 0 (0.72
ppm NANL and 0.25 ppb peramine) than in all other levels, which averaged 78.5 ppm
NANL and 0.30 ppb peramine. Ergovaline concentrations were significantly greater in
symbiotic diversity levels 2 and 4 (which did not differ and had a mean concentration of
0.085 ppm) than in symbiotic diversity level 0 (which averaged 0 ppm ergovaline). There
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were no significant interactions between season of harvest and symbiotic diversity level
for any alkaloid concentrations (Table 4.5).
Table 4.5. Tall fescue alkaloids over spring and fall 2021. Bolded p-values are significant below the
alpha = 0.05 level.
Season

Symbiotic diversity level

Season x Symbiotic diversity level

Alkaloid

df

F

P

df

F

P

df

F

P

Ergovaline

1,143

16.47

<0.0001

6,143

2.90

0.0107

6,143

0.66

0.6855

Ergovalinine

1,143

17.75

<0.0001

6,143

2.78

0.0139

6,143

0.64

0.6951

Total ergots

1,143

17.11

<0.0001

6,143

2.87

0.0117

6,143

0.65

0.6872

NANL

1,143

10.09

0.0018

6,143

6.93

<0.0001

6,143

0.56

0.7613

NFL

1,143

4.73

0.0313

6,143

3.28

0.0048

6,143

0.35

0.9107

NAL

1,143

25.87

<0.0001

6,143

3.81

0.0015

6,143

0.73

0.6229

Total lolines

1,143

11.52

0.0009

6,143

4.44

0.0004

6,143

0.47

0.8318

Peramine

1,143

73.60

<0.0001

6,143

8.37

<0.0001

6,143

1.53

0.1713

Figure 4.3. Concentrations of alkaloids in tall fescue harvested in spring and fall 2021, with (*)
denoting seasonal concentrations within alkaloids differed at the 0.05 level of significance when
averaged across symbiotic diversity levels (Table 4.5).

To facilitate an evaluation of how alkaloid concentrations changed over symbiotic
diversity levels, the symbiotic diversity level 0 (no endophyte) was omitted from
121

regression analysis to prevent skewness from very low alkaloid concentrations.
Removing the 0 level only affected the significance of the relationship between
ergovaline and symbiotic diversity level; including the 0 level skewed the regression line
downward so that regression correlation p-values for spring, fall, and seasonal mean
showed significantly increasing ergovaline levels with increasing symbiotic diversity
level (R values of 0.8, 0.84, and 0.84, and p-values of 0.029, 0.019, and 0.018,
respectively). When the 0 level was removed, positive correlations between symbiotic
diversity levels and ergovaline concentrations weakened and significant relationships in
spring, fall, and seasonal mean disappeared (R values of 0.7, 0.76, and 0.8, and p-values
of 0.12, 0.078, and 0.053, respectively; seasonal mean regression presented in Figure
4.4). Removing the 0 level from all other alkaloids caused numerical changes in
correlation coefficients but did not change p-value significance; thus, 0 symbiotic
diversity levels were omitted from regression analysis for all other alkaloids.
Regressions were performed on seasonal means of ergot alkaloids since linear
regression trends were similar for both seasons, showing that ergovalinine and total ergot
concentrations but not ergovaline significantly increased with symbiotic diversity (Figure
4.4). Mean seasonal peramine and NANL concentrations did not show significant
correlations with symbiotic diversity level over individual or seasonal averages (Figure
4.4).
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Figure 4.4. Relationships between tall fescue alkaloid concentrations and symbiotic diversity levels
when averaged over spring and fall harvest season in 2021 (panels A-E) and in spring 2021 (panels FH). Symbiotic diversity level 0 (no endophytes present) was removed from regression data set as
no/very low alkaloids were detected in biomass. Bars represent standard error of the mean and
shading denotes 95% confidence interval.

Spring but not fall alkaloid concentrations of NFL, NAL, and total lolines
significantly increased with increasing symbiotic diversity level (Figure 4.4).
4.3.2

Soil assessments

Soil bulk density, carbon, and nitrogen content
Only n-POM N in the 10-20 cm depth interval showed a significant difference across
symbiotic diversity levels, with level 5.3 significantly greater than all other symbiotic
diversity levels (0.14 compared to 0.084 g kg-1, respectively; Table 4.6). However, the
regression approach showed n-POM N was not significantly correlated with symbiotic
diversity levels (R = 0.44, p = 0.33). Of all soil parameters and depths sampled, bulk soil
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C and POM C increased with symbiotic diversity level in the 10-20 cm depth interval and
n-POM C decreased with symbiotic diversity in the top 10 cm (Figure 4.5). Soil bulk
density appeared to decrease with symbiotic diversity, but this trend wasn’t significant
(Figure 4.5).
Table 4.6. Analysis of variance of symbiotic diversity level on soil bulk density, total soil nitrogen (N)
and carbon (C) content, particulate organic matter (POM) and non-particulate matter (n-POM)
nitrogen and carbon contents for three soil depths collected in 2021. Bolded value indicates
significance at the p = 0.05 significance level.
0-10 cm
Soil parameter
Bulk density (g

cm-3)

10-20 cm

20-30 cm

df

F

P

df

F

P

df

F

P

6,69

1.36

0.2426

6,69

1.49

0.1960

6,69

1.21

0.3093

Total N (g m-2)

6,69

0.99

0.4418

6,69

1.37

0.2399

6,69

1.32

0.2596

Total C (g

m-2)

6,69

1.46

0.2034

6,69

1.09

0.3770

6,69

1.65

0.1469

POM N (g

kg-1)

6,73*

0.26

0.9548

6,73*

1.05

0.4042

6,66*

1.47

0.2019

6,69

0.51

0.8150

6,69

0.81

0.5631

6,69

1.27

0.2808

6,69

0.25

0.9574

6,73*

2.32

0.0416

6,69

1.50

0.1904

POM C (g kg-1)
n-POM N (g

kg-1)

n-POMC (g kg-1)
6,69
0.39
0.8822
6,69
1.67
0.1428
6,69
1.10
0.3739
*Random effect for replicated block was removed because mixed effects model variances of linear combinations were
close to zero; linear model with no random effect was used instead (Barr et al., 2013).

Figure 4.5. Regression relationships of A) soil bulk density in the 0-10 cm depth, B) non-particulate
organic matter carbon (n-POM )n the 0-10 cm depth, C) bulk carbon (C) in the 10-20 cm depth, and
D) particulate organic matter carbon (POM C) in the 10-20 cm depth averaged across symbiotic
diversity levels. Bars represent standard error of the mean and shading denotes 95% confidence
interval.
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Soil nutrients, CEC, and base cations
Soil pH and levels of calcium, magnesium, base cation saturation, and
exchangeable potassium and calcium cations did not differ according to symbiotic
diversity level at any depth (Table 4.7). Mean comparisons showed that exchangeable Na
in the 10-20 and 20-30 cm depth and Mg in the 0-10 cm depth significantly differed
(Table 4.7), with exchangeable Na and Mg levels greater in the highest symbiotic
diversity levels compared to the lowest level (Figure 4.6). Exchangeable Mg levels were
lowest in symbiotic diversity level 0 in the top 10 cm (Figure 4.6).

Figure 4.6. Exchangeable Na and Mg base cation levels according to symbiotic diversity level and soil
depth. Different letters above denote differences at the 0.05 significance level. Bars represent
standard error of the mean.

The regression approach supported means comparisons in showing that
exchangeable Na increased with symbiotic diversity level in the 10-20 and 20-30 depth
intervals (Figure 4.7). Regressions indicated that significant increases in exchangeable
Mg with symbiotic diversity level occurred in both the 0-10 and 10-20 cm depth intervals
(Figure 4.7). Additional regressions revealed that other soil nutrients exhibited increasing
trends with symbiotic diversity, including greater levels of nutrients in the 0-10
(phosphorus and potassium) and 10-20 (cation exchange capacity) depth intervals (Figure
4.7).
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Table 4.7. Analysis of variance of symbiotic diversity level on soil pH, nutrients, base cation
saturation, and exchangeable base cations for three soil depths collected in 2021 after five years of
consistent management. Bolded p-values are significant below the alpha =0.05 level.
0-10 cm
10-20 cm
20-30 cm
Soil parameter
df
F
P
df
F
P
df
F
P
Ph
6,69 1.47 0.2020 6,69 0.18 0.1831 6,69 1.79 0.1136
Phosphorus (mg kg-1)
6,69 1.57 0.1691 6,69 1.60 0.1604 6,69 0.42 0.8618
Potassium (mg kg-1)
6,69 1.67 0.1409 6,69 0.42 0.8612 6,69 0.53 0.5328
Calcium (mg kg-1)
6,69 1.10 0.3696 6,69 1.10 0.3698 6,69 0.33 0.3339
Magnesium (mg kg-1)
6,69 1.42 0.2188 6,69 0.89 0.5051 6,69 0.87 0.8661
-1
Zinc (mg kg )
6,69 1.67 0.1406 6,69 0.68 0.6654 6,69 0.85 0.8513
Cation exchange capacity (meq
100g-1)
6,69 0.27 0.9486 6,69 0.65 0.6904 6,69 1.67 0.1410
Base cation saturation (%)
6,69 0.92 0.4892 6,69 0.53 0.7858 6,69 1.23 0.3011
Exchangeable K (meq 100g-1)
6,69 1.26 0.2895 6,69 0.77 0.5935 6,69 0.87 0.5232
-1
Exchangeable Ca (meq 100g )
6,69 1.48 0.1991 6,69 1.47 0.2008 6,69 1.70 0.1350
Exchangeable Mg (meq 100g-1)
6,69 2.56 0.0268 6,69 1.33 0.2574 6,69 0.54 0.7789
Exchangeable Na (meq 100g-1)
6,69 1.97 0.0821 6,69 2.69 0.0210 6,69 2.77 0.0181

Figure 4.7. Significant correlations between soil nutrients, phosphorus (P), potassium (K), and zinc
(Zn), cation exchange capacity (CEC), and exchangeable magnesium (Mg) and sodium (Na) base
cations in soil regressed across symbiotic diversity levels.

Trace gas emissions
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Trace gas emissions from soil over the 2021 growing season (April-October)
differed by measurement day and were affected by seasonal patterns in soil temperature
and moisture availability, though soil moisture and temperature parameters did not
significantly differ by symbiotic diversity levels (Table 4.8; Figure 4.8). Daily fluxes of
carbon dioxide, methane, nitrous oxide and ammonia volatilization were not affected by
symbiotic diversity level or the interaction between symbiotic diversity level and
measurement day (Table 4.8). Though not significant at the 0.05 level, carbon dioxide
emissions from symbiotic diversity level 6 were numerically greatest on nine of the 14
sampling days (Figure 4.9).
Table 4.8. Analysis of variance of measurement day, symbiotic diversity level, and their interaction
on daily and cumulative soil trace gas emissions over the 2021 growing season (April-November).
Bolded p-values are significant below the alpha = 0.05 level.

Measurement day x
Symbiotic diversity level
Measurement day
df
F
P
df
F
P
df
F
P
Daily fluxes (mg trace gas m-2 hr-1)
Carbon dioxide (CO2)
6,21
1.51 0.2240 13,1010 75.41 <0.0001 78,1010 0.59
0.9978
Nitrous oxide (N2O)
6,1020 0.66 0.6849 13,1020 3.62
<0.0001 78,1020 0.57
0.9990
Ammonia (NH3)
6,7
0.87 0.5601 13,1017 13.73 <0.0001 78,1017 0.83
0.8462
Methane (CH4)
6,1019 1.01 0.4186 13,1019 4.96
<0.0001 78,1019 1.13
0.2084
-1
Cumulative fluxes (mg trace gas season )
Carbon dioxide (CO2)
6,69
2.80 0.0170
Nitrous oxide (N2O)
6,73*
1.70 0.1337
Ammonia (NH3)
6,73*
0.72 0.6312
Methane (CH4)
6,69
0.96 0.4600
*Random effect for replicated block was removed because mixed effects model variances of linear combinations were
close to zero; linear model with no random effect was used instead (Barr et al., 2013).
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Figure 4.8. Soil temperature and volumetric moisture by symbiotic diversity level throughout the
2021 growing season. Temperature and moisture were not significantly affected by symbiotic
diversity level (p >0.05).

Cumulative carbon dioxide trace gas emissions over the season were significantly

greater in the highest symbiotic diversity level of 6 compared to the lowest symbiotic
diversity level of 0 (Table 4.8; Figure 4.9). However, cumulative carbon dioxide
emissions were not significantly correlated with symbiotic diversity levels according to
linear regressions (R = 0.6, p = 0.15). Cumulative trace gas emissions of methane, nitrous
oxide, and ammonia volatilization did not differ by symbiotic diversity level over the
growing season (Table 4.8).
Over the measurement period from April to November 2021, soil in this study
functioned as a source of carbon dioxide (average cumulative emission of 2274 mg CO2
m-2) and nitrous oxide (average cumulative emission of 51 mg m-2). Soil functioned as
sink for atmospheric methane (average cumulative emission of -56 mg CH4 m-2), and
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ammonia volatilization remained near zero (average cumulative emission of -0.01 mg
NH3 m-2).

Figure 4.9. Carbon dioxide soil emissions over the 2021 growing season (April-November) on a daily
flux (top panel) and a cumulative (bottom panel) basis. Different letters above means indicate
differences at the 0.05 significance level.
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Soil microbial communities
Season strongly affected soil microbial groups assessed with PLFA (Table 4.9).
Total microbial biomass was greatest in the spring compared to other seasons when
averaged across symbiotic diversity levels (122.1 nmol PLFAs g-1), followed by winter
(104.4 nmol PLFAs g-1), which was significantly greater than fall (95 nmol PLFAs g-1),
and summer did not differ from fall and winter (98.8 nmol PLFAs g-1).
Table 4.9. Analysis of variance for seasonal soil microbial community groups for Spring (April),
Summer (July), Fall (October) in 2021 and Winter (January) of 2022. Bolded p-values are significant
below the alpha = 0.05 level.
Microbial group
Arbuscular mycorrhiza
fungi
Gram-negative bacteria
Fungi
Gram-positive bacteria
Actinobacteria
Protists
Total microbial biomass

Season
DF

F

p-value

Symbiotic diversity
level
DF
F
p-value

3,281
3,281
3,281
3,281
3,281
3,285*
3,281

67.4
102.2
25.9
13.5
33.7
16.2
55.2

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

6,281
6,281
6,281
6,281
6,281
6,285*
6,281

2.6
1.5
1.7
1.0
1.9
0.6
1.4

0.0189
0.1923
0.1238
0.4228
0.0851
0.7568
0.2259

Season x Symbiotic diversity
level
DF
F
p-value
18, 281
18, 281
18, 281
18, 281
18, 281
18, 285*
18, 281

1.5
1.4
0.9
1.0
0.4
1.0
1.3

0.0967
0.1178
0.5397
0.4649
0.9878
0.4817
0.1963

*Random effect for replicated block was removed because mixed effects model variances of linear combinations were close to zero;
linear model with no random effect was used instead (Barr et al., 2013).

Regressions for other parameters indicated increasing yet non-significant trends
with symbiotic diversity level, with R values ranging from 0.39 to 0.66 for Gramnegative bacteria, fungi, and protists abundances, while abundances of Gram-positive
bacteria and actinobacteria appeared to have little relationship to symbiotic diversity (R <
0.10).
Like the soil microbial group analysis, PLFA biomarker profiles indicated that
microbial community composition varied seasonally, with seasonal community
separations shown in the NMDS plot (Figure 4.10). Fall and summer soil communities
separated primarily along NMDS axis 1, which explained the majority of the variation
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(60%) and was related to PLFA biomarker abundances for AMF and Gram-positive and
Gram-negative bacteria (16:1 w5c, 17:0 anteiso, and 16:1 w 7c, respectively; Figure
4.10). Spring and winter communities appeared to separate along NMDS axis 2 and were
driven by biomarkers for fungi and Gram-negative bacteria (18:2 w6c and 18:1 w7c,
respectively) and Gram-positive bacteria (15: 0 iso; Figure 4.10). MRPP analysis
confirmed that seasonal microbial communities were distinct.

Figure 4.10. Non-metric multidimensional scaling (NMDS) of soil microbial communities from
individual lipid profiles frm PLFA samples seasonally in April (spring), July (summer), October
(fall) of 2021 and in January (winter) of 2022, marked with ellipses of the same legend color. PLFA
biomarker concentrations with r2 > 0.450 between the variable and axis score are displayed as
vectors, which show strength and direction of relationships. MRPP indicated that seasonal microbial
communities were significantly distict from one another (p < 0.0001).
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Due to seasonal soil microbial community variations, effects of symbiotic
diversity levels were evaluated separately for each season. In the spring, communities
separated across NMDS axis 1 based on abundances of biomarkers for
actinobacteria/Gram-negative bacteria (17:0 10-methyl and 18:1 w7c, respectively) and
Gram-positive bacteria (16:1 w9c), while separations along NMDS axis 2 were related to
biomarker abundances for actinobacteria (16:0 10-methyl) and fungi (18:2 w6c) (Figure
4.11). In the summer, biplots showed separation according to the abundances of Gramnegative bacteria (19:0 cycle w7c) and fungi (18:1 w9c and 18:2 w6c) on NMDS axis 1,
with only actinobacteria (16:0 10-methyl) abundances separating along axis 2. Fall
communities separated according to Gram-positive bacteria (17:0 anteiso) and fungi
(18:2 w6c) along axis 1 and AMF and Gram-negative abundances along axis 2 (16:1 w7c
and 19:0 cyclo w7c, respectively). Most separation in winter communities occurred along
axis 1, which explained 80% of the variation, according to lipid biomarkers for Grampositive/actinobacteria (17:0 antieso and 16:0 10-methyl) and fungi/Gram-negative
bacteria (18:2 w6c and 17:1 w8c). Axis 2 showed that communities separated according
to actinobacteria abundance (16;0 10-methyl). No seasonal communities differed
according to symbiotic diversity levels.
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Figure 4.11. Non-metric multidimensional scaling (NMDS) of soil microbial communities from
individual lipid profiles from PLFA sampled seasonally in April (Spring), July (Summer), October
(Fall) of 2021 and in January (Winter) of 2022. PLFA biomarker concentrations with r2 > 0.55
between the variable and axis score are displayed as vectors, which show relationship strength and
direction.
Symbiotic diversity levels indicate the number of tall fescue cultivar and E. coenophiala strains
present in vegetative stands.

4.4

Discussion
Greater symbiotic diversity in fescue stands did not produce significantly more

total annual biomass than stands with fewer plant-endophyte associations, which did not
support our hypothesis. However, increases in fall fescue biomass production were
correlated with greater symbiotic diversity. Shifts we observed in seasonal production
patterns reflected larger vegetation community changes that occurred, as total species
spring biomass production was greater in lower symbiotic diversity levels due to invasion
by other spring-maturing cool-season grasses. Our hypothesis that greater symbiotic
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diversity would increase fescue persistence was supported, as we observed that higher
fescue symbiotic diversity translated to lower species richness, stronger fescue
community domination, and greater fescue persistence over the five-year study period.
Mechanisms contributing to greater fescue dominance and persistence may be
linked to increases in fescue alkaloid concentrations with symbiotic diversity. It isn’t
clear why fescue biomass from higher symbiotic diversity plots was correlated with
increases in seasonal means of total ergots and spring total lolines, though the overall
effect of greater alkaloid concentrations could be driving herbivory trends that affect
vegetation community dynamics. Small mammals such as voles have been shown to
avoid KY 31 CTE+ fescue and shift more intense herbivory to other adjacent plant
species, driving down species richness over time (Clay et al., 2005). Other studies have
found that voles also avoid fescue stands with novel endophytes, indicating that other
alkaloids besides ergovaline (e.g., lolines) may deter small mammal herbivory (Rudgers
et al., 2010). Insect herbivory patterns have also been shown to be sensitive to interactive
endophyte strain and cultivar effects in cherry oat aphids (Bultman et al., 2006).
Evaluations of these study plots one year after establishment indicated differences in
grasshopper abundance according to specific fescue/endophyte combinations but there
were no apparent trends by symbiotic diversity (Bagherzadeh, 2018). Perhaps the greater
number of individual alkaloid profiles present in symbiotically diverse stands provided
the greatest spectrum of possible deterrents to both small mammal and insect fescue
herbivory that led to greater tall fescue persistence.
We found increasing trends for soil carbon accumulation (bulk and POM-C) and
nutrient availability with greater symbiotic diversity, which supported our hypothesis.
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Increases in soil fertility may be attributed to a number of factors ranging from slower
rates of litter decomposition associated with alkaloid content (Lemons et al., 2005), other
plant quality attributes controlled by endophyte/plant interactions (Siegrist et al., 2010),
or simply greater overall biomass inputs due to reduced herbivory. Increases in soil
carbon levels in E+ stands compared to E- stands have been well documented
(Franzluebbers et al., 2012; Franzluebbers & Hill, 2005; Iqbal et al., 2012), and this study
shows that inclusion of greater numbers of endophyte strains could further promote soil
carbon storage.
Our hypothesis of greater symbiotic diversity reducing soil trace gas emissions
was not supported, as the most diverse stand emitted more cumulative carbon dioxide
than the least symbiotically diverse stand—though there was not a significant correlation
between carbon dioxide fluxes and symbiotic diversity levels. We predicted that a greater
diversity of litter inputs with unique alkaloid and plant quality profiles would further
inhibit organic matter breakdown, since E+ material has previously been associated with
lower soil microbial respiration (Franzluebbers, 1999), and studies conducted adjacent to
this study site also showed differences in trace gas emissions according to endophyte
strain (Iqbal et al., 2013). Interactive effects of three distinct grass-endophyte
combinations appeared to stimulate soil activity in some way, possibly by supporting
more soil microbial groups with unique root exudate compositions (Guo et al., 2015),
altering aspects of root system architecture such as root diameters or lengths (Malinowski
et al., 1999), or by affecting extracellular soil enzyme concentrations (Bagherzadeh,
2018). Soil nutrient stocks increased with symbiotic diversity, possibly indicating the
presence of deeper rooting characteristics in more diverse plots.
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We did not detect changes in overall soil microbial communities assessed with
PLFA according to symbiotic diversity, and carbon dioxide fluxes do not appear to result
from structural changes in soil microbial communities. This result is similar to that of
Rojas et al. (2016), where fescue endophyte strain did affect phylum-level fungal
diversity but not overall microbial communities.
4.5

Conclusion
This study showed that stand-level tall fescue symbiotic diversity levels affected

the structure and function of plant and soil parameters important for continued and
sustainable production of tall fescue in forage agroecosystems. Greater fescue-endophyte
symbiotic diversity increased tall fescue persistence in the vegetation community over a
five-year period. Since relative abundance of tall fescue decreased in warming
experiments designed to mimic predicted regional temperature increases (McCulley et al.,
2014), improving tall fescue stand persistence by establishing more symbiotically diverse
stands could be a key practice supporting future resilience in the forage industry. Though
carbon dioxide trace gas emissions increased with greater symbiotic diversity, trends of
increasing soil carbon and nutrient storage were also apparent. Results from this study
provide some support for the paradigm that greater diversity at the plant-microbial level
tends to increase ecological resilience via better fescue stand persistence, though
significant divergence in storage of carbon and soil nutrients will likely take longer to
accrue.
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CHAPTER 5. SUMMARY AND CONCLUSIONS
The primary goal of my dissertation was to evaluate the effectiveness of
biodiversity-based strategies in addressing natural resource and agricultural production
concerns in cropland, grazing land, and forage production agroecosystems in the Eastern
US. To investigate the consequences of manipulating species diversity in these different
systems, I quantified structural and functional changes in both soil and plant
characteristics and assessed the degree to which implemented strategies improved the
productivity and sustainability of those agroecosystems.
The results of my research show that management decisions that broadened
biodiversity provided beneficial increases in agricultural production and enhancement of
agroecosystem services. Integration of cover crops in a maize/soybean system over a
three-year period failed to enhance cash crop yields or increase soil organic matter—two
commonly-cited benefits listed in federal USDA programs aimed at increasing cover crop
adoption among producers. Instead, I found that acquisition of the most important
benefits of cover crops were contingent upon being combined with a no-tillage
production regime. Cover crops grown in no-tillage systems synergistically mitigated soil
erosion and lowered cash crop production costs compared to conventionally tilled
systems without cover crops, indicating that cover crop adoption may be increased by
citing practical short-term improvements tied to farm-level soil and economic
sustainability.
In grazing land systems, I found feeding the natural red clover product, biochanin
A, to lambs reduced laboratory soil trace gas emissions of nitrous oxide, methane, and
ammonia volatilization in urine excreta patches. Reductions in trace gas emissions

137

occurred despite not reducing urinary N output or altering soil microbial community
structure, the mechanisms that I predicted would decrease trace gases; consequently, it
appears that the presence of biochanin A and its animal-transformed metabolites altered
soil community function, possibly by shifting soil microbial enzyme production and
activity. These results indicate that feeding BCA and/or inclusion of red clover in
pastures has the potential to reduce greenhouse gas emissions in pasture systems while
supporting agricultural production via improved animal weight gain performance.
Broadening the symbiotic diversity of plant-microbial genetic resources in tall
fescue forage stands tended to increase soil carbon and nutrient pools, which, together
with greater alkaloid concentrations that most likely deterred fescue herbivory, enhanced
fescue productivity and dominance within the vegetation community and reduced
invasion by other weedy grass species. Though soil microbial communities were similar,
I observed that soil from the most symbiotically diverse stand emitted more carbon
dioxide, perhaps due to greater soil fertility or the stimulation of fescue root-associated
respiration through exudates or root characteristics themselves. These results show that
increasing within-species symbiotic stand diversity could serve as an effective strategy to
promote tall fescue persistence, reduce weeds, and enhance soil fertility over time.
In conclusion, this research supported the connection of agroecological
biodiversity to ecosystem services and agricultural productivity that was theorized in the
biodiversity ecosystem functioning framework. Though the degree to which
environmental benefits were realized depended on the constraints of each system,
manipulation of biodiversity was shown to be a viable and flexible option for enhancing
the sustainability and productivity of agroecosystems.
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APPENDIX 1. SUPPLEMENTARY TABLES AND FIGURES.
Supplementary Table 2.1. Soil organic matter measured in 2015 and 2018 in different tillage and
cover crop treatments.
0-10 cm
10-20 cm
Tillage system
Winter cover
2015
2018
2015
2018
-------------------------% soil organic matter-----------------All treatments mean
2.52 (0.05)†
2.45 (0.04)
2.00 (0.06) 1.88 (0.03)
Individual treatment combinations
conventional
bare
2.47 (0.15)
2.43 (0.17)
1.83 (0.22) 1.93 (0.15)
conventional
winter weed
2.48 (0.08)
2.30 (0.07)
2.05 (0.05) 1.80 (0.04)
conventional
cover crop
2.48 (0.20)
2.50 (0.06)
1.85 (0.13) 2.00 (0.09)
no-tillage
bare
2.73 (0.15)
2.38 (0.06)
2.08 (0.09) 1.80 (0.04)
no-tillage
winter weed
2.43 (0.16)
2.43 (0.05)
2.15 (0.23) 1.88 (0.09)
no-tillage
cover crop
2.53 (0.05)
2.68 (0.09)
2.07 (0.13) 1.90 (0.07)
Treatments averaged across all other factors
conventional
across all cover
2.47 (0.08)
2.41 (0.06)
1.91 (0.08) 1.91 (0.06)
no-tillage
across all cover
2.56 (0.08)
2.49 (0.05)
2.10 (0.09) 1.86 (0.04)
across both tillage
bare
2.61 (0.11)
2.40 (0.08)
1.95 (0.12) 1.86 (0.08)
across both tillage
winter weed
2.45 (0.08)
2.36 (0.05)
2.10 (0.11) 1.84 (0.05)
across both tillage
cover crop
2.50 (0.09)
2.59 (0.06)
1.94 (0.10) 1.95 (0.06)
Source of variation
Degrees of
soil organic matter change
soil organic matter change
Tillage (T)
1
0.8639*
0.0569
Cover (C)
2
0.3196
0.2110
Year (Y)
1
0.2808
0.0570
TxC
2
0.3714
0.4685
YxC
2
0.3194
0.2110
YxT
1
0.8646
0.0570
YxTxC
2
0.3715
0.4684
†Standard errors are in parentheses following means. *Analysis of variance was applied to the changes in soil organic
matter levels, where final values in 2018 were subtracted from initial values in 2015.
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Supplementary Table 2.2. Soil bulk density values and changes from 2015 to 2018.
Tillage system

Winter cover

All treatments mean
Individual treatment
conventional
bare
conventional
cover crop
conventional
winter weed
no-tillage
bare
no-tillage
winter weed
no-tillage
cover crop
Treatments averaged across all other factors
conventional
across all cover
no-tillage
across all cover
across both tillage regimes
bare
across both tillage regimes
winter weed
across both tillage regimes
cover crop
Source of variation
Degrees of
Tillage (T)
1
Cover (C)
2
Year (Y)
1
TxC
2
YxC
2
YxT
1
YxTxC
2

0-10 cm
10-20 cm
2015
2018
2015
2018
---------------------------------g cm-3 --------------------1.45 (0.06) 1.33
1.70
1.54
1.46 (0.01)†
1.42 (0.06)
1.46 (0.07)
1.41 (0.05)
1.49 (0.17)
1.48 (0.04)

1.26
1.20
1.30
1.43
1.46
1.32

1.45 (0.03) 1.25
1.44 (0.04) 1.39
1.43 (0.03) 1.34
1.47 (0.08) 1.38
1.43 (0.03) 1.29
Soil bulk density change
0.0235*
0.6199
0.0021
0.8060
0.6190
0.0235
0.8061

†Standard

1.76
1.76
1.74
1.66
1.57
1.72

1.48
1.51
1.56
1.57
1.57
1.54

1.75
1.52
1.67
1.56
1.70
1.52
1.65
1.56
1.74
1.53
Soil bulk density
0.3110
0.6909
<0.001
0.4203
0.0821
0.0045
0.4529

errors are in parentheses following means. *Analysis of variance was applied to the changes in soil organic
matter levels, where final values in 2018 were subtracted from initial values in 2015. P-values in bold are significant at
the p < 0.05 level.
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Supplemental Table 2.3. Cost of treatment implementation.
Treatment

2016

2017

2018

---------------------------------------$

Average 2016-2018
ha-1-------------------------------------

Tillage

$121.03

$101.27

$81.51

$101.27

Cover crop

$98.80

$71.63

$86.45

$85.63

Bare herbicide

$44.46

$41.99

$46.93

$44.46

Tillage included labor and fuel costs associated with use of tillage implements; cover crop costs included seed mix,
labor, and fuel costs for application, and bare herbicide included herbicide product, labor, and equipment fuel costs for
application. Estimates for fuel and labor for each application were determined with statewide planning budgets for
producers (Falconer et al., 2016; Williams et al., 2018; Williams et al., 2017).
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Supplemental Table 2.4. Fertilizer nutrients applied to treatments.

Tillage system

Winter

conventional
ill
conventional
ill
conventional
ill
no-tillage
no-tillage
no-tillage

bare
winter
d
cover crop
bare
winter
d
cover crop

--t ha-1-

2018
2015
2017
2016
maize
application
application
maize N
N
P205
K20 P205
K20
N
N
---------------------------------------kg ha-1-------------------

3.6
3.6
3.6
3.6
3.6
3.6

58
58
58
58
58
58

Lime
2015

58
58
58
58
58
58

106
0
0
106
106
0

146
146
146
146
146
146

232
232
232
232
232
232

230
230
230
230
230
230

P205, and K20 were applied in October 2015 and 2017 following soybean harvest prior to maize planting. Lime was
applied in October 2015. N was applied in a 50/50 split application in February and April of 2016 and in a 35/65 split
in April and May of 2018.
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Supplemental Figure 2.1. Cover crop seeding mixtures and cost. The 2018 and 2016 cover crops were
planted after soybean harvest and before maize planting, while the 2017 cover crop was planted after
maize harvest and before soybean planting. The dashed line represents a seed cost of $62 ha-1 ($25 ac1
), a local median for producer seed costs. Seed costs do not include associated shipping, or fuel/labor
costs for planting.
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Supplemental Figure 2.2. Example inputs used for the RUSLE2 soil loss calculation for the 2017 soybean crop using the conventional tillage
regime with winter cover crop (conv. till + cover) and manual cover crop biomass entry.
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Supplementary Table 3.1. Mass spectrometer ions monitored for target metabolic compounds in
urine.
Compound name
Flavone (Internal Std)
P-Ethylphenol
Biochanin A
Genistein

Parent and daughter ion (m z-1)
223.1 > 121.0
356.2 > 277.1
285.1 > 152
271.1 > 153
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Column retention time (min)
7.98
8.51
7.78
5.57

Supplementary Table 3.2. Routine soil analysis of soil used in laboratory incubations. Soil pH
reported is salt pH (Soil and Plant Analysis Council, 2000).
pH

P

K

Ca

----------------kg

Zn

Mg

ha-1-----------------

sand

silt

clay

Base
Sat

------------%---------------

Exch
K

Exch
Ca

Exch
Mg

--------------meq

Exch
Na

CEC

100g-1---------------

mean

5.00

431

132

3345

228

5

10

73

16

79

0.23

9.96

1.07

0.02

14

SE

0.01

3.8

4.3

112.8

6.1

0.3

0.2

0.8

0.6

1.1

0.00

0.03

0.00

0.00

0.2
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Supplementary Figure 4.1. Precipitation, soil, and air temperatures for 2021 adjacent to the fescue
symbiotic diversity plots.
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Awards
• University of KY Integrated Plant and Soil Sciences three-minute thesis (3MT) competition: 2nd
Place, 2022
• University of KY Doyle E. Peaslee Outstanding Graduate Student Award, 2021
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• University of KY Outstanding PhD Student, Integrated Plant and Soil Science Department: 2nd
Place, 2019 & 3rd place, 2021
• University of KY Karri Casner Environmental Sciences Fellowship recipient, 2019
• University of AZ College of Agriculture and Life Sciences Outstanding Undergraduate Senior,
2008
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